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Abstract

The current variability and speciation of indoor @®are studied by analysing
indoor air in UK homes and offices. These measurngsnevere carried out via
passive sampling into silica-treated canisterofedld by thermal desorption-gas
chromatography and high mass accuracy time-offflighss spectrometry (TD-
GC-Q-TOF/MS). It was found that majority of the hesrhad d-limonene and

pinene as the most abundant VOCs, with averagesotrations ranging from 18

1g me to over 1400 pg rhand 2 pug ni to 230 pg ¥ respectively.

In these analyses, cyclic volatile methyl siloxanle¥MS) were frequently
detected in high abundances. cVMS are chemicalsgim volume production as
they are used as solvents in formulations of comsymoducts. They were found
in persistently high background concentrations un analyses. Hence, a passive
sampling method involving sorbents was developealkow the analysis and
quantification of these compounds, with LODs catedl to be 7.2 to 16.8 ngin
This method was validated with real indoor air shingpwith average Pand 3

concentrations of about 2480 ng*rand 664 ng M respectively.

Advancements have also been made in the developmhenmultispecies sensor
for the detection of VOCs. A temperature controkime was developed using a
Peltier device and a control software programmetariin LABVIEW. Attempts
were made to manufacture a lab-on-a-chip GC colubut, was deemed
unsuitable due to leakage and mechanical problémssead, a short length of
column was wound and placed in a copper enclo3@sts were conducted using
photoionsation detector (PID) as the detection ogkih this sensor development.
The final set-up involved the assembly of the terapuge control method, the GC
column enclosure and the PID for the detection.tsTegere conducted by

introducing headspace standards into the set-up,promising results.
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1.1 Volatile organic compounds

Volatile organic compounds (VOCSs) are organic coumus with boiling points

of less than or equal to 250 °C measured at a atdratmospheric pressure of
101.3 kPal. These compounds can have both direct and indinggacts on
human health; VOCs contribute to the formation @btpchemical smog and
ground level ozoné* and some VOCs, e.g. benzene and formaldehyde, are
considered to be carcinogerds 7. VOCs are emitted from natural and
anthropogenic (man-made) sources. Some naturalceounf VOCs include
vegetation, forest fires, and animals and theseimmm the global budget of
emissions’. Although on a global scale VOC emissions areelgrgrom natural
sources, air quality problems in populated and striiized areas are mainly a
result of anthropogenic sourcesSome examples of anthropogenic VOCs include
tobacco smoke, biomass burning from human actsvitie. to exploit land for
agricultural activities or to rid of agriculturalaste, the production, storage and
use of fossil fuels, and the production and uséaifsehold chemicals such as

cleaning agents, coatings and paints.

In the troposphere, ozone formation occurs whemezarecursors react in the
presence of sunlight (see Figure 1-1). The ozoeeypsors are nitrogen oxides
and VOCs. VOCs contribute to the production of @zom constituent of
photochemical smog that causes adverse healthgonstdnd also, when degraded
in air, to the formation of organic aerosols. Ozanfrmed in the atmosphere via
a photochemical process whereby VOCs react withrdxydl radicals in the
presence of sunlight forming short-lived peroxyicatl species (Rg). RO, can
then react further rapidly converting NO to MOperturbing the natural
photostationary state. Photolysis of the N@med then induces additional ozone
formation. Ground level ozone is a secondary pafiitand a harmful

photochemical oxidant which inhabits that tropospheand is the main
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component of photochemical smd§ Photolysis of ozone occurs with the
absorption of solar ultraviolet radiation of waved¢h shorter than 320 nm,
resulting in excited O'D) atoms which have sufficient energy to react wititer

vapour to produce hydroxyl radicals.

[O2] -
VOC + OH - RQ + HO (Rate determining step) Q)
[O2]
R + NO —° SecondaryVOC + HO + NQ 2
HO + NO —» OH + N@ 3)
NO; + hvi<420nm) — NO + O (Ground state) (4)
O + @ - O (5)

® + hvi<320nm) - O + O1D) (Excited state) (6)
o) + HO — 20H + © (7)
Figure 1-1.0zone formation in the troposphere.

Ground level ozone is notably important when it esnto public health. Ozone
when inhaled can cause serious health problems aschreathing difficulty,
inflammation of airways, declination of respiratapd pulmonary function and
aggravation of lung diseasés 2 Exposure to ozone has also been associated
with respiratory morbidity and mortalit}?*6 some populations, i.e. the elderly
and people with chronic conditions, being putativelore susceptible to ozone

exposure’ 18

Ozone can be produced from simple hydrocarbons aschthane, propane or
from oxygenated compounds like formaldehyde andaddehyde. In indoor
microenvironments and urban air, formaldehyde ngxtios can vary from 1 to

100 ppb, while in remote clean oceanic areas fatetglde is generally in the
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range 0.1 — 1.0 ppB° Ethane and propane originate substantially from
anthropogenic pollution sources and have relativielgg lifetimes against
photochemical destruction. Background tropospheiiing ratios of ethane and
propane are 0.3 — 2.5 ppbv and 0.01 — 1.0 ppbweotisply. In addition to the
production of ozone, acetaldehyde is also a precuis peroxyacetyl nitrate
(PAN), a secondary pollutant found in photochemgralog. It is a lachrymator
and causes eye irritation. It has been reportedntinang ratios of PAN in clean
air are typically 2 — 100 pptv, whereas that oflygeld air can be as high as 35
ppbv 2°. Other anthropogenic sources of VOCs include faembustion,
emissions from motor vehicles and evaporation dfests and fuels such as
ethene, toluene and benzehe?? There are also biogenic sources of VOCs such
as the emissions of isoprene and terpenes fromtspta&r?* that can also be
important in the formation of ozone. The rapid amhsitive measurements of
VOCs in ambient and indoor environments are theeefof great utility to

environmental toxicology and atmospheric chemistry.
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1.2 Indoor air quality

The quality of air in the indoor environment in whiwe live and work has been
gaining more attention and awareness because iofifigsrtance to the health and
well-being of occupant$®. People in Europe spend at least 90% of their time
indoors?® making this on a time weighted basis the domireantironment for
exposure. Two thirds of time indoors is spent amép rendering the home
environment a key setting for potential human exp®go air pollution?’. The
quality of air in the indoor environment is depemiden different factors such as
the quality of the outdoor air, the building’s dgsiand location, air change rates,

furniture within the building, and the behaviounabits of the occupant&

While an important source of indoor air pollutithe air from outdoors, it is
noted that pollutants could be also generated fratnor sources. In addition to
the natural sources (such as from animals, mopldsits and flowers) of indoor
air pollution, there is a large number of anthragug sources as well i.e.
smoking of cigarettes, burning of candles, cookimgd cleaning activities,
emissions from building material and paints, anaigesof personal care products
28 Table 1.1 shows a list of indoor sources of gimlu and some key indoor

pollutants®® 29

The potential health impacts as a result of exgosaircompounds such as those
listed in Table 1.1 have been discussed previotisty For instance, exposure to
formaldehyde can cause sensory and airway irritatsthma and cancer; house
dust mites, fungi and bacteria may cause asthmaalice allergic reactions in
some people; N@increases susceptibility to infection, and therefis a potential
hazard of respiratory illness. VOCs generally cowvavide range of compounds,
some of which are known to have harmful effectshhaman health i.e. benzehe

and formaldehyde®, both of which have been classified as carcinapgeai
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humans by the International Agency for ResearctCancer® 33 New complex
substances could also be formed from the reacttwden VOCs and oxidising
compounds such as ozoffe

Table 1.1. List of indoor pollutants and their souces.

Indoor sources Pollutants

Natural
Plants/flowers Pollen
Animals (pets) Biological allergens
Moulds Biological allergens
Dust mites and insects Biological allergens

Anthropogenic

Air fresheners VOCs
Personal care products VOCs
Cleaning products VOCs
Furniture, glues, insulation, Formaldehyde, VOCs, dust mites

carpets, cushions
Heating and cooking Particulates, nitrogen oxides, carbon
appliances monoxide, polycyclic aromatic
hydrocarbons (PAHs), VOCs, ozone

Building and insulation Mineral dusts and fibres e.g. asbestos
material
Cigarette smoke Environmental tobacco smoke including

particulates, benzene and carbon
monoxide
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1.2.1 VOCs in the indoor environment

Indoor pollutants include volatile organic composind/OCs), some of which

have both short and long-term adverse health sffacd which are directly
classified as toxic or carcinogeni¢®. VOCs are ubiquitous in any built
environment but there is considerable variationspeciation and abundance.
These variation of VOCs found in homes depend omymi@actors such as
emissions, ventilation and the oxidative environtreamd these are evolving over
time, reflecting changes in chemical use, behavemar building design/materials.
Sources of indoor VOCs include ingress of outdooltugion from traffic and

industry, outgassing from building materials, flogy, electronic equipment and
furnishings, emissions from food, cooking, cleanipgpducts, personal care
products, and from people and péts3® 39 Concentrations and speciation of
VOCs in the indoor environment can also be infleshby seasonality, duration
of occupancy, personal activities such as smokmd) howering, and even the
education levels of the occuparifs’2 A list of some of the commonly detected

indoor VOCs and their possible sources is showrainle 1.2.
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Table 1.2. List of commonly detected indoor VOCs ahtheir possible sources.

VOCs

Alkanes, alkenes
Isoprene
Hexane
Cyclohexane

Aromatics
Benzene
Toluene
Ethylbenzene
Xylenes
1,2,4-Trimethylbenzene
Naphthalene
Styrene

Terpenes
a-Pinene
d-Limonene

Carbonyls
Formaldehyde
Acetaldehyde
Acetone
2-Butanone

Halogenated
Dichloromethane

Tetrachloroethylene

Sources

Plants, human breath
Adhesives, aerosols in perfumes, gasoline

Paints, thinners, adhesives

Cigarette smoke, stored fuels, car exhausts
Paints, thinners, adhesives

Paints, varnishes, pesticides, adhesives
Paint, varnishes, adhesives

Gasoline, car exhausts

Cigarette smoke, insecticides, car exhausts

Adhesives, cigarette smoke, car exhausts

Fragranced consumer / cleaning products

Fragranced consumer / cleaning products

Building materials, furniture, wood products
Building materials, laminate, varnishes, paints
Cleaning products, nail polish remover

Paint, adhesives, cleaning products, car exhausts

Paint strippers, insecticides, hairspray, cleaners

Dry-cleaned clothing
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Compared to half a century ago, there have beerifisnt changes in the use of
consumer products and building materials with intpat both the concentrations
and diversity of VOCs found indoors. In paralletith has been a move towards
energy-efficient buildings with improved insulatiamd reduced air leakage and
ventilation® 44 Sick or Tight Building Syndrome is a term thashmeen used to
describe circumstances whereby occupants withimildibg experience health-
related effects or discomfort that seem to be edldb the duration spent in a
building. In such cases no specific cause can hbmdoand relief from the
symptoms, i.e. eye, nose and throat irritation dmhdaches, is typically
experienced upon exiting or moving away from thédding “°-*8 These building
related symptoms have been reported to have iredediscomfort and negative

health effects, and result in reduced productiattyvork and in schoof$: 49

Many VOCs compounds can be oxidised to form moremhd secondary

products, particularly if they contain reactive lmam double bond8%52 There

have been studies associating VOCs to negativethhedfects in humans;
Billionnet et al. found that high concentrations\@DCs were associated with a
higher risk of asthma and rhinitis in aduits Arif et al. reported that exposure to
VOCs may lead to adverse health consequetfcégumchev et al. reported the
association of VOCs with asthma in childréh ®¢ results from the study by

Norbéck et al. suggested that indoor VOCs may la¢e@ to asthmatic symptoms
57

Monoterpenes are one class of VOCs found indoa@tshtaive high reactivity with
hydroxyl (OH) radicals, ozone and nitrate (}adicals. Many hundreds of
different structures are possible in nature ang tre released from a very wide
range of sources including cooking, foodstuffs,nmaand multiple kinds of
fragranced products. In practice only a small nundienonoterpenes are found

in high abundance reflecting the common use ofagerindividual chemicals
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(such as d-limonene andpinene) in multiple products. There have beeniprey

measurements of VOCs in homes (see Table 1.3) Wwhévigh concentrations of

particularly aromatics and terpenes were repoited®3

10
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Table 1.3. Previous measurements of VOCs in homes
Study Location VOCs with highest concentrationsHighest concentrations of VOCgg n®) | Reference
_ ) Aromatics, terpenes (d-limonene | d-Limonene mean = 22.6
) Homes in Detroit, _ _
Chin et al. o anda-pinene), alkanes, a-pinene mean = 4.4 <)
Michigan, USA
tetrachloroethene. Toluene mean = 11.62
_ ) d-Limonene mean = 6.2
Raw et al. Homes in England d-Limonene and toluene. 58
Toluene mean = 15.1
Homes in Ann .
o ) d-Limonene mean = 25.7
_ Arbor, Ypsilanti and | Aromatics, chloroform, alkanes ar _
Jia et al. a-pinene mean = 9.0 3t

Villanueva et al.

Dearborn in terpenes.
o Toluene mean = 15.6
Michigan, USA
) d-Limonene mean = 17.1
Homes in

Puertollano, Spain

Alkanes, terpenes and aromatics.

a-pinene mean = 18.5

Toluene mean =12.0

60

Homes in Leipzig,

Terpenes mean , median = 63.5, 36.1

Schlink et al. Minchen, and Kéln, Aromatics, terpenes and alkanes.| Aromatics mean, median = 56.5, 37.2 | 6!
Germany Alkanes mean, median = 47.5, 24.0
Xu et al. Homes in Canada Toluene, d-limonenecapthene, | d-Limonene mean = 40.1 62

11
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with d-limonene and-pinene

predominantly from indoor source

a-pinene mean = 11.5

sToluene mean = 15.5

Langer et al.

Homes in Sweden

Terpenes and toluene.

d-Limonene mean = 15.1
a-pinene median = 5.1

Toluene median = 7.3

63

12
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In terms of chemistry, d-limonene andpinene are unsaturated monoterpenes
which are susceptible to ozonolysis by the elettitapattack of ozone on the
C=C double bonds, forming an unstable ozonide imégliate which breaks down
into two possible combinations of a carbonyl andCriegee biradicaf* ©°
Intermediate reactive radicals, such as OH, améddrin this reactioft* 5> which
could further react with indoor VOCs and contribtiethe further formation of
indoor oxidised VOC product®: 6. Oxidation products of d-limonene include
formaldehyde and 4-acetyl-1-methylcyclohexene, trude ofa-pinene include
formaldehyde, acetone and pinonaldeh§fti&Examples of the chemical reactions

are shown in Figure 1-2.

(@)

Ry Ra o/ \O
03 + >:< —_— R1§_%R3
R, Ry4 R, Ry
Ozonide
R (o) R R R (e}
1 \ V% 3 3 :L\ /
>=o + o—c( o + c—o
R, R4 Ry R
Criegee biradical Criegee biradical

(b)

Unimolecular decay of Criegee intermediate to f@hh radicals:

H H H H /
O. >4 O/ C/ C.\
\ . Ry = \ Zan = /" TR; 4 HO
o—c N\ Ra o___<|:
R
4 | !
R, 4

Criegee biradical

Figure 1-2. (a) Reaction of unsaturated compoundsithh ozone and (b) formation of

OH radicals from Criegee biradicals.
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1.2.2 Cyclic volatile methyl siloxanes in the indoor enybnment

Cyclic volatile methyl siloxanes (cVMS) are manutaed chemicals that are
widely used in the production of personal care pobsl and other consumer
products such as fragrances, deodorants, lotionthpgaste, household cleansers
and furniture polishe®-72 These cVMS include hexamethylcyclotrisiloxane)(D
octamethylcyclotetrasiloxane () decamethylcyclopentasiloxane s{D and
dodecacyclohexasiloxane {D(D refers to the dimethylsiloxane unit, and the
subscript refers to the number of silicon bonds$. @ result of their unique
physiochemical properties of being inert and havangmooth texture, low
surface tension, high thermal stability and goodmpatibility with other
formulation ingredients, cVMS have become the basitedients as emollients
or carrier solvents in the manufacture of consupneducts. Figure 1-3 shows the

structures of B, Da, Ds, De.

%
\/ \ 0—sSi
\s/ /\ Sl/\ o’ > O\Si// ST \ /
o ™o ~/ N~ \ Si
/Sl\ /Sl\ /Sl (o} \S‘ (’)
Si\ /Si O0—,.~0O E)\ S{\ / 1 /
/ Y \ /Sl\ Si*O/ \ O\Si—O/SI\
7\ e \

Figure 1-3. Structures of cVMS. From left — right: D3, D, Ds, De.

cVMS are of an environmental concern as they atenpally bioaccumulative
and persistent with high octanol-water partitiorefficient (log Kow) values > 5
and atmospheric oxidation half-life (A®) of more than 2 day$. In addition to
these characteristics, cVMS are also highly vaatind therefore have substantial

potential for atmospheric long-range transgort

There have been measurements of cVMS in the inglodoutdoor environments,

with higher concentrations observed indodf$. Previous studies have also

14
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reported high concentrations of cVMS in cosmetiog personal care products
% Wang et al. detectedsPDs and Oy concentrations as high as 11, 683 and 97.7
mg g* wet weight respectively in a sample of persona¢ gagoducts, cosmetics
and baby products in Canadd& Horii et al. reported B Ds, and B
concentrations of up to 9.38, 81.8 and 43.1 mgeppectively in a sample of
cosmetics and personal care products obtained fedail stores in the USA and
Japan’t. The high concentrations from cVMS in these prdslucdicate that they
could be an important source of cVMS to the enviment. In a recent study by
Tang et al., cVMS, in particularsPDs and I, contributed to about a third of the
total indoor VOC mass concentration indoor in asstaom, with their source
largely associated to emissions from hun#nsVMS were found to be the most

abundant VOC in a classroom with a distinct assioriavith occupancy?.

1.3 Measurement of VOCs

There is a range of different types of chemicalst thre found in the indoor
environment, and hence this necessitates the usea@mhplex method of analysis,
such as gas chromatography - mass spectrometry,thior detection and

quantification of the compounds found in indoorsamples.

There are numerous techniques and instruments fwethe detection and
measurement of VOCs, mostly based around gas ctognaghy (GC) and mass
spectrometry (MS). Some examples are summaris@alihe 1.4, together with
the respective trade-offs of each method for faabalysis. In very general terms,
the development of a VOC instrument starts withotalory standard devices,
such as GC and MS, with modifications and additithhes made to accommodate
a trace level gaseous sample matrix. The key feodt-adaptation to all
chromatography-based systems is the inclusion tifeamal pre-concentration

step, which strips VOCs from litre volumes of amdantroduces them to the GC

15
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column with a concentration factor of up to 1000cénsequence is that most
instruments in the literature for VOC detection agssentially hybrid lab
instruments, not devices intrinsically designedhwsize, power or weight as

constraining factors.

GC is a commonly used technique for the analysi@Cs and it allows for the
detection and quantification of a broad range ahgounds that have reasonable
volatility and thermal stability. There are two &gpof columns for GC: packed
columns and open tubular columns (also known adlaapcolumns). Packed
columns are generally made of glass or stainlessl,sand are filled with the
stationary phase or contain a solid support materated with the liquid
stationary phase. They are usually 1.5 — 6 m igtlerand have diameters of 2 — 4
mm 84 Capillary columns, on the other hand, can hawgths as long as 100 m
and diameters as small as 0.1 mm, and therefore higher efficiency (number
of theoretical plates and separation poWér)There are a few forms of capillary
columns: wall-coated open tubular (WCOT) columnspport-coated open
tubular (SCOT) columns, and fused-silica wall-cdai&SWC) open tubular
columns. In WCOT, the internal capillary wall igelitly coated with a thin film
of liquid stationary phase, whereas in SCOT thelleap wall is first lined with a
thin layer of adsorbent solid, which is then coatetth the liquid stationary phase.
The FSWC column is a special type of WCOT thatrésah from pure silica and
is much thinner than glass WCOT columns. The FSWI@nan is treated with a
polyamide coating to protect it and allow it toweund into coils. As a result of
its flexibility, inertness and greater column eifficcy, it is the most popular and

commonly used column in analytical G€
Figure 1-4 shows the two different types of GC ouh®.

Given the limitations of current technologies f@d analysis of VOCs, this work

aims to address these issues and develop a posaier for the detection and

16
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analysis of VOCs, combining elements of thermal odatson (TD), gas
chromatography (GC) and photoionsation detectid®)(Pout in a device built
bottom up, rather than from standard lab equipment.

Figure 1-5 shows a schematic of a typical TD-GC-8& up used in the
laboratory for the analysis of gaseous samplesil{ca-treated canisters).

Figure 1-4. Left: Packed GC column; Right: Capillary GC column.

17



Chapter 1 Measurement of VOCs

Table 1.4. Current measurement methods for VOCs.

Current measurement methods and fitBros Cons

characteristics

Thermal desorption - Ge « Very sensitive and linear in response, ¢ * Not selective: The FID will respond to all
Chromatography with Flam compound calibration can be based in par| organic compounds (except HCHO), |so
lonisation Detectors (FID) a per carbon atom response function. identification is based on retention times.

* Most commonly used in laboratorii « Good in serviced laboratories or for fixed s Issues due to co-elutions; unable to identify
for VOCs detection. observatories. unknown compounds.
« Stable and reliable when operat ¢ Not typically portable due to of its size, mass.
autonomously. Requirement for hydrogen gas is a major
constraint on portability.
Bulk Photoionisation Detection (PID) « Portable detector suitable for field Operated in isolation the PID is not selective:
= Utilises an ultraviolet (UV) light applications because of its small size and nwill respond to all organic compounds.
source to break down VOCs in the need for supply gases. « Each VOC has a different ionisation potential,
air into positive and negative ions. | « The trade-off between using the PID or thevhich requires calibration.
= Detection of the ions results in|a FID in detection of VOCs has been discussed
current flow with a magnitude 86 the FID gave well-resolved peaks whereas

proportional to the concentration of peak tailing was an issue when the PID was
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VOCs present.

Proton-Transfer-Reaction
Spectrometry (PTR-MS)
= Air is pumped through a drift tub
reactor, and a fraction of the VOCs
ionized in PTR with hydronium ion
87.
= Soft ionization method; does not le
to fragmentation of the product ions
»Reagent and product ions &
measured by a quadrupole m:
spectrometer; signal is proportior

to the VOC mixing ratio.

Ma/

Measurement of VOCs

used. However, the low-power demanfds
the PID and its portability were advantages

that the FID would not be able to provide.

Allows numerous VOCs of atmosphel«Only determines the mass of product ians,
interest to be monitored with a hi¢ which is not a unigue indicator of the VOC
sensitivity (10 — 100 pptv) and rapid respol

time (1 — 10 sec).

identity.
* Isomers cannot be distinguished, and |the
is further

Does not require any sample treatment s interpretation of mass spectra

as drying or pre-concentration, and is tf complicated by the formation of cluster ions
well suited for oxygenated VOCs, whi¢ and the fragmentation of product ions.
cannot be quantified from canister sample « Not easily portable for field measurements.
Provides a fast-response measurement « 200K — 400K USD hardware costs.

VOCs, a

the highly sensitive a

several key atmospheric
complements
chemically detailed snapshots obtained

GC techniques.
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Thermal Desorption GC-MS * Sensitive and accurate means of retrospec#\&ize and mass of the bench-top instrumentation
=Sample collection using either analysis of VOCs adsorbed in soil samgfes render this method unsuitable for field analysis.
packed adsorbent tubes of canisters. &, other solid¥" % liquids %2 ®and gase®" | « More challenging to calibrate and less stable
= Samples preconcentrated by thermaPs, when operated continuously.
desorption. * Sensitive and flexible, compound Water can be a significant interference.
= Typically uses quadrupole MS jdentifications available from mass spectral. « Higher cost, more complex and typically
detection, but also increasingly TOE Capable of identifying unknown compoundsrequires thermostated lab environment [for
is applied. in an air sample via MS libraries. optimal operation.
» More sensitive from similar FID systems| ¥ Several kilowatt power requirement.
operated in selected ion modes.

Colorimetric (“Stain”) tubes * Inexpensive method of measuring classe{ * Tubes have to be continuously observed to
i.e. Draeger tubes toxic gases and vapours. ensure that there is no sudden complete
= Tube readings in the form of colo discoloration.

changes and intensities. « Ultra-violet radiation may result in a change| in

the discoloratiorf”.
* Readings in the form of colour changes and
intensities are  subjected to human

interpretation.

20



Chapter 1

Measurement of VOC

S

* Not VOC specific.
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Chapter 1 Measurement of VOCs

Thermal Gas Time-of-flight mass
Silica-treated desorption chromatography spectrometer GC chromatogram
canister (TD) unit (GC) (TOF/MS)

Mass spectrum

Figure 1-5. Schematic of a typical laboratory set+pi for the analysis of gaseous samples.
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Chapter 1 Miniaturisation through a lab-on-a-chiide

1.4 Miniaturisation through a lab-on-a-chip device

For the field measurement of VOCs, there is a rfeedh portable device that
provides reliable information on a range of differ&/ OCs, since the impact on
downstream effects such as ozone and aerosol fiometd health toxicology are
structure-specific. Field measurements of VOCs iarportant in a range of
disciplines including air pollution science, mediadiagnostics and security
screening. There is an enduring need for a portaééce that provides reliable
compound-specific measurements, at mixing ratiahenpart per billion and part
per trillion ranges. Bulk measurements (e.g. totabon mass per unit volume) of
VOCs do not provide sufficient detail on the precdOC composition to be
useful in most environmental and health applicatichny portable device should
be robust, low-cost and have low-power demandgesmany applications are
likely to be off-grid. The development of a lab-archip (LOC) device requires a
collaboration of multiple disciplines, involving search and development from
different fields in sciences and engineering. Tikisecessary for the assembling
and integration of sample collection and prepamatitages, gas chromatography
(GC) separation stage and photoionization deted®D), to create a complete

functional system.

The literature on GC-LOC dates back to 1970s: Tetryal. described the
development of a miniaturised GC system wherebyllaapchannels and valves
were fabricated on a silicon wafer by photolithgdmna and chemical etching
techniques, and a nickel resistor thermal conditgtetector was used as the
detection method®. The idea of miniaturization and LOC was a resilithe

growing environmental demands for reduced consumpif sample and reagent
solutions. There was a move towards the developwwfemtulti-analyte analysers
that could be used for environmental monitoringpeses. The first generation of

flow injection (FI) led to the development of thecend generation sequential
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Chapter 1 Miniaturisation through a lab-on-a-chiide

injection (SI) analysis in 1998° which was later followed by the creation of lab-
on-a-valve (LOV) in 2008°L. The LOV was seen as a downscaled analytical tool
and fluidic universal system for reagent-basedyasah the low microliter level,
which was versatile and had the potential to inooafe different sample
preparation procedures in its process. Figure'®-6nd Figure 1-7°t show the

schematics of a Sl analyser and a LOV respectively.

WASTE

=

IWASH |

SAMPLE

STANDRRD

REAGENT

Figure 1-6. Configuration of a sequential injectionanalyser where H = hold-up

conduit, FC = flow cell, R = reactor coil and AR =auxiliary reactor 1°°,

24



Chapter 1 Miniaturisation through a lab-on-a-chiide

SYRINGE

FUMP HIﬂLDING CoiL BEAM OUT

CARRIER ol

PERI-PUMP

WASTE

Figure 1-7. Micro sequential injection system (LOV)with the central sample
processing unit integrated with a flow cell for opical detection mounted atop a six-

position valve®:,

In the recent years, much intensive research has benducted with regards to
the miniaturizing of flow systems, resulting in thevelopment of LOC (or micro
total analysis systems, uTAS). The fabrication wéhssystems is to allow the
automation of standard laboratory practices in aiatirized format, with the
obvious advantages of lower consumption of sampte raagents, possibility of
separations with higher resolutions, low cost gt-and shorter analysis duration
102" Another advantage pointed out in the same reyiaper by A Rios et al. is
that the automation of laboratory processes oni@wbuld reduce the need for
highly skilled personnel to handle complex equipt€a Much of the research
work on LOC has been predominantly carried out legtécal and mechanical
engineers in research institutions. The chann&larit which is made by various
sophisticated procedures, such as micro-drillinghiag, photolithography, or

laser erasing, is impressively exact and reprodeicadlowing different channels
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Chapter 1 Miniaturisation through a lab-on-a-chiide

profiles to be obtained. As mentioned by Miro ananken, these LOCs “can be
made in inexpensive materials, namely silicon, gjlg®olymethyl methacrylate
and polydimethylsiloxane, and mass-produced atdogt, in fact, at much lower
expenditures than the LOV. However, the microfloidievices are usually

dedicated, that is, they have fixed architecturgpfedetermined chemistries®

There is yet another interesting emerging technolbgt harbours similar aims
and advantages brought about by LOC — to be affbedand robust, yet sensitive
and specific for its usage. This emerging develagni® known as microfluidic
paper-based analytical devices (UPADs) which cogepriof microfluidic
channels on paper instead of glass or plastic d90@ devices. Movement of
fluids within the channels in puPADs is via capylaction, hence eliminating the
need for pumps or valving mechanisms to contratifilow. Detection means for
these devices are usually electrochemical or auletric 194-1°7 Figure 1-8 197

shows the schematic of a paper-based electrocheseicsing microfluidic device.

Electr

Figure 1-8. Schematic of a paper-based electrocherai device, comprising of a

paper channel in conformal contact with the electrdes printed on a piece of paper.

As a result of the portability of LOCs, its potetio be used for in-field real-time
monitoring of the environment has been reali¥8dThere was the flexibility of

obtaining almost-immediate analytical results aghhitemporal and spatial
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resolution, and at low cost without the need todprihe samples back to the
chemical laboratory for off-site analysis. Desptie obvious advantages brought
about by LOCs, there are still doubts and criticgsom the real applicability of
LOCs for real sample analysis. It has been said‘thare is often no limitation as
regards to the available volume of environmentata as opposed to assays in
the forensic, clinical and bioanalytical ared®’, indicating that LOCs may be
redundant in the environment field. In the sameesg\by Miro and Hansen, it
was pointed out that the use of LOC with sampleivas of as low as nano-litre
level may result in an issue with the represergatdss of the sample obtained. It
brings into question the reliability of the resultken LOC is used as a mean of
obtaining a measuremeHt. In addition, LOC devices may not be developed
enough at this moment to cope with complex samg@tioes, such as soil, which
still requires sample preparation and clean-up gutaces before they can be
introduced to the LOC for detection. This is perh#ime biggest limitation faced
by LOC devices in the environment field as theyehtavdeal with the clogging of
channels as a result of the introduction of patidhat are present in the sample
matrices.

1.4.1 LOC for gas phase analysis

Much of the problems and concerns associated W@t lare to do with the
sample preparation of complex matrices, such as@guand soil samples from
the environment that require clean-up steps poathé detection of the desired
analytes in these samples. There have been, howeyMgorts of promising
developments in the field of gas phase sensordvegoin sample preparation
procedures prior to detection and analysis of theyaées. A microfluidic lab-on-
chip derivatisation technique has been optimizeadbieve a rapid, automated
and sensitive determination of ambient gaseous dll@myde when used in

combination with GC-MS. The method used a Pyrexroaieactor comprising
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three inlets and one outlet, gas and fluid spiittamd combining channels, mixing
junctions, and a reaction micro-channel. The mre@ctor integrated three
functions, that of: mixer and reactor, heater, pretoncentrator. The flow rates
of the gas sample and derivatisation solution dedtémperature of the micro-
reactor were optimized to achieve a near real-timasurement with a rapid and
high efficiency derivatisation step following gasngpling. The enhanced phase
contact area-to-volume ratio and the high heatstearrate in the micro-reactor
resulted in a fast and high efficiency derivatisatieaction'®. This concept has
also proven to be successful for the derivatisatioother carbonyls, with method
detection limits (MDLs) below or close to their tgal concentrations in clean
ambient air'1% Microfluidic derivatisation is attractive for marreasons; of
relevance here for field measurements are its enmab consumption of reagents
and energy. An advantage of undertaking reactiomsicrofluidic systems is that
enhanced reaction efficiency may be achieved daehigh phase contact area-to-

volume ratio in micro-channels.

Figure 1-9 shows the layout of the micro-react@dufor the derivatisation of the
carbonyls'®,

PEBHA Now———ab—_ow

Reacling microchannel
Reacling microchannel

Figure 1-9. Micro-reactor for the derivatisation of carbonyls.

One important factor for good GC separations is uh#orm heating of a GC
column. The heating of GC columns by conventionaans is primarily based on
the turbulent fan oven, which is an excellent mearechieve even heating of the

column. However the size of such ovens rendersathigficult technique to use in
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remote locations for field analysis in environméntsearch. The single planar
fabrication of the micro-reactor mentioned abowemorates all subcomponents
of the GC system in a structural geometry thatusimeasier to heat using planar
devices. Uniform heating is central to the perfamseof GC, requiring accurate
and reproducible column temperatures and with mahigpatial temperature
gradients. Direct resistive heating and coolinghef glass chip involving a stack
of thin film resistive elements and Peltier deviggseduced a uniform heating
profile across the column when held at both abowel &@elow ambient
temperatures. The low thermal conductivity of glestowed for multiple
temperature zones within the same chip. The poeguired to achieve column
temperatures ranges from 10 — ZD@as about 25W, two orders of magnitude
less than conventional turbulent fans ovens. Arégaf what has been done with

respect to heating and cooling of the chip is shiwFigure 1-10%

Stack 3

e -_
Glaaa chip
Thenmal interface material ,EERNUIM henter
gk Peltier Elesuent
= = s lass Clip

Hentsiid; ———# “\"-.

e —— T

@ (b)

| L_J_.}] TP Secondary calmuun
—
Stock

]

Prunary coliinim

Figure 1-10. (a) Layout of components in the tempeature controlled stack used for
heating and cooling of the glass GC. (b) Plan vielayout of the temperature

controlled stack.

It has also been proven that the microfabricatesl d@omatography system is
suitable for the separation of volatile organic pomnds (VOCs) and compatible
with use as a portable measurement device witlPthe? A standard FID and a
modified lightweight 100 mW photoionization detec(BID) were coupled to the

column and performance tested with gas mixtures nainoaromatic and
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monoterpene species at the parts per million cdratgon level. The low power
GC-PID device showed good performance for a snealb6VVOCs and sub nano-

gram detection sensitivity to monoaromatics.

1.5 Summary of project

The objective of this project is to understand thajor compounds found in
indoor environments and to develop novel ways t@suee them. Studies on
indoor air sampling and analysis will be carried ¢ better understand the
current distribution of VOCs in their concentrasoand speciation in indoor
environments. Research on novel methods of samplimyanalysis suitable for
cVMS will also be carried out — such methods shalldw for indoor sampling

to be conveniently conducted.

This work will also include the development of a ltispecies sensor for
measuring hydrocarbons and oxygenated compoundgas phase samples,
through the deployment of thermal desorption methiod combination with a
micro-fabricated GC-PID device. The final developsgstem will allow
measurements of a range of different organic comg®dound in indoor air. This
will be validated using controlled experiments against reference standards and
measurement techniques. The system will be apphiedumber of real-world

monitoring investigations, including indoor atmospds and air pollution studies.

This thesis will first describe in Chapters 2 andh® studies on indoor air
sampling and analysis that were conducted. Chdpteil describe the work that
was done with regard to the sampling and analy$i\MS, a class of

compounds that were detected in the indoor airiessudFinally, Chapters 5 and 6
will describe the development of a portable sertisat would be suitable for the

detection and measurement of VOCs in the indooiremment.
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Indoor air analysis:  Unexpectedly  high
concentrations of monoterpenes in a study of UK

homes
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Chapter 2 Introduction

2.1 Introduction

This chapter provides an estimate of current camnagons, speciation and
variability of VOCs in UK homes in 2015, providiramn updated set of estimates
of the predominant indoor air composition at thiset The study used whole air
sampling, the default method for high precision glmg outdoors and applied
this indoors alongside a universal GC-TOF/MS anslyBy using whole air
samples and GC-TOF, rather than adsorption tubdsicijware the more
commonly used indoor method) skewing of samplingelblaon compound
volatility is largely eliminated and this allowsgaantification of volatiles such as

isoprene.

The data reported in this work combined two différstudies conducted in
London and York in 2015. In total 25 homes were @achon multiple occasions,
19 in London representing homes of diverse propgspes, ages and occupant
density. The remaining 6 homes were located in Ya were of very similar
age (~2000) and building design. The samples delteérom the 19 London
homes were used to improve understanding of theeudistribution across a
property mix in a major city, and the repeated dargmf 6 similar modern-build
homes in York to understand how current variabilityy OCs concentrations and

speciation can be driven by occupant behaviour.

The concentrations of VOCs in the 25 UK homes wqumntified using
continuous indoor air sampling over five days. Rias collected through low
flow (1 mL min) constant flow restrictors into evacuated 6 L iingdly silica-
treated canisters until the canister reached athewgp pressure. This was
followed by thermal desorption-gas chromatographyg &igh mass accuracy
time-of-flight mass spectrometry (TD-GC-TOF/MS) fdlly quantitative analysis
was performed on the eight most abundant hydrocabased VOCs found.
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2.2 Experimental

Sampling in London and York was carried out in hemahich were located in
residential urban areas. In both cities informationthe air exchange rate of the
homes was not collected; there was no availablernmétion about the heating,
ventilation and air-conditioning (HVAC) systemsthe homes, nor the occupants’
frequency and duration of opening windows. Whilstails were not collected
domestic air conditioning systems are exceptionatg in UK homes. Figure 2-1

shows the work flow for the indoor air study conietin London and York.

Evacuation of Sampling: Transport of

canisters: Canisters canisters: Sgrga:)elzlf'/\}er
Canisters were placed in Canisters sen angl sed
evacuated with a dr homes for back to the within 1321 davs
scroll vacuum pump about a week. laboratory yS:

Figure 2-1. Work flow for sampling and analysis okamples from homes.

2.2.1 VOC sampling and analysis

The most common method reported in literature f@C% sampling indoors is to
either passively samplevig@ diffusion) or pump sample air onto chemical
adsorption tubes, often packed with Tenax polyraed, various standard methods
exist 113117 For outdoor air sampling such methods are onfseduently used
since the sampling is skewed to the collection 6iC$ that have moderate to low
volatility whilst more volatile species, for exampkthane, propane, butane,
pentane and isoprene, pass through the adsorbéntitiepoor adsorptioft8-120
Instead we apply the preferred World Meteorologi€xiganisation (WMO)
method for measurement of ambient VOCs based omplsagrair into initially
evacuated whole air canisters. Such an approatdctohll VOCs that are present
without discrimination and the method allows forltiple repeat analysis of the

same sample. The method does not require elegfricses no chemicals and is
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intrinsically safe and suitable for untrained usérsurther advantage of stainless
canisters is that the effects of ozone on the sarap much reduced, with co-
sampled ozone destroyed on contact with stainfesd slet and walls through

autoxidation. No chemical scrubbers are neédeéf?

The storage stability of VOCs in canisters has lpemiously assessed. In a study
by Herrington'?3, majority of the 66 VOCs evaluated had a recov@rabout
100 % after 30 days under dry (0 % RH) and humRI¥9RH) conditions; only
acrolein, dibromochloromethane, and bromoform eiib instability under
humid conditions. Good stability of VOCs were atseported for other studies by

Lidster et al124 Hsieh et al’2>and Ochiai et al?® with no notable loss observed.

To collect the samples in both London and Yorktérlinternal volume canisters
(SilcoCan, Thames Restek U.K. Ltd) were used falldviby analysis using gas
chromatography and time-of-flight mass spectromg@L-Q-TOF/MS). Using

this approach there was no discrimination in thengang towards VOCs of

intermediate volatility. Since we are working onlyith preserved gaseous
samples we then extend this to the calibration gugitomole per mole gas
standards and with no reliance on the liquid sgkiof test materials onto

adsorption tubes.

Prior to sampling, the canisters were evacuateld avitiry scroll vacuum pump to
around 3 x 16 atm, following the WMO methodology. Each of theniséers was
fixed with a constant flow inlet system (Thames tBksU.K. Ltd). This is a
critical orifice made from machined 316 stainlesekthat allows a constant gas
flow through the orifice into the canister, irrespiee of the internal vacuum of
the canister until the canister reaches ambientospireric pressure. This is
possible with the flow controller which has a medaphragm that regulates the
flow as the pressure in the canister changes. Titieat orifice inlets allowed a

flow rate of ~1 mL mirt until the canister pressure reached ambient presdter
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approximately 5 days. Using this method a true p-@éerage concentration is
determined.

Prior to chemical analysis the canisters contaisi@gple air at ambient pressure
were pressurised from atmospheric pressure to 8sgheres with helium (BOC
Gases, 6.0 ultra- high purity grade), resultingaidilution factor later corrected
for during quantification. The large sample of gaseach canister allowed for
repeated analyses if required, an advantage owgtico tubes. All canisters were
analysed within two weeks after completion of sangpto minimise any losses
due to physical adsorption, reactions with reactivmpounds and degradatitit
This time period was largely a result of the tinemded to effect the collection of
samples from participants’ homes and the shippihghose samples to York.

Blanks were run with canisters containing pressdriselium.

A difference between the method used here and tre traditional methods used
for VOCs measurement using adsorption tubes isuttee of direct gas phase
standards rather than liquids surrogates spiked dnbes. We use multi-
component high pressure VOCs gas standards atattigogr billion mixing ratio
with a balance gas of:2Nrom the UK National Physical Laboratory (NPL).€de
standards contain ozone precursor hydrocarbons @&isally at 4 ppb with a
gravimetric preparation uncertainty of 5%. A rangfemonoterpenes in a gas
phase standard from NPL were also available fabialon, the choice of these
species taken from the current target list of tHd@/Global Atmospheric Watch.
The analytical method included a routine calibmatid the whole system response
to VOCs, achieved through flowing gas calibrant tomigs through the water
removal, thermal desorption and the GC-MS procedM@Cs gas standards and
zero samples using high purity helium bracketedaitaysis of individual sample

canisters.
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2.2.2 Thermal desorption

The pressurised air sample was introduced inteeartdl desorption unit (Markes
Unity Series 2 Thermal Desorption Unit) prior topaetion on a gas
chromatography (GC) column. A metered flow of samgas was first passed
through a glass cold-finger assembly maintaineal tetperature of about -36.
This served to remove moisture from the gas beforentered the thermal
desorption unit, to prevent icing in the adsorlieagh and to reduce the amount of
water ultimately entering the mass spectrometedOI@L of gas was sampled at
100 mL min' onto a refocusing adsorption trap packed with Xes@bent. The
choice of Tenax as the adsorbent was to speciyicalpport the sampling of
monoterpenes, since this material provides the ratadile matrix for avoiding
molecular rearrangements. The relatively low terapge of the Tenax trap was
necessary to allow for the quantitative collectainvolatile VOCs, for example
isoprene, that were in the sample gas. Once thésWiere focused on the Tenax
trap, it was then was purged for 1 minute at 100mih* with helium to remove
permanent gases. After this, the trap was babiliyicheated from -30 °C to
300 °C at the maximum heating rate of the systethtaaid for 3 minutes, with
the VOCs transferred to GC column in splitless matla flow rate of around 1.5

mL min. Figure 2-2 shows a schematic of the thermal ¢hisor process.
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(a) —»—-(Z:
AT Cold traf
GC-MS
Bypass
Cold finger assembly Thermal desorptio

(b)

Cold trag

Thermal desorptio

Figure 2-2. Schematics depicting (a) the flow patbf gas during sampling and (b)
focusing trap desorption.

2.2.3 Gas chromatography and time-of-flight mass spectrotry

High purity helium (BIP Air Products, Keumiee, Belm) was used as the carrier
gas for GC. Separation was performed on a BPX5mwol(50 m x 0.32 mm x 1.0
pm, length x internal diameter x film thickness}wiwo split outlets, one going
to the Agilent time-of-flight/mass spectrometer H®IS) and the other going
directly into an olfactory port, used either fomman assessment or as a mounting
for a secondary photoionisation detector (PID). @ column was programmed
to run at 40°C for 3 minutes, then ramp at 16 min to 125°C, then at 206C

min' to 250°C and held for 2 minutes.
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In mass spectrometry, compounds are ionised and separated bdked orass
to charge (m/z) ratios. The more commonly encountered rpasg@meter would
be the quadrupole mass spectrometer. Figure'Z-3hows a diagram of a
guadrupole mass analyser. It consists of four electrically ctevhecetal rods. A
direct and alternating voltage is applied between the rddshwaffects the
movement of the ions, and ensures that only ions with spetificatio can reach
the detector. The mass and charge of the ion and the strantjté field and
frequency of the oscillation determine if the ion wiivel down the quadrupole
between the rods to reach the detector. lons with an unstajeletory will collide
with the rods. Simultaneously varying the amplitude of the tlaed alternating
voltages allows for the detection of ions from small tgdam/z values, producing

a full scan of a mass spectrum.

The quadrupole mass spectrometer can be used for qualitativguantitative
analyses, and can perform with increased sensitivityeirsé¢tected ion monitoring
(SIM) mode. Its drawback is its acquisition rate due todensing nature, and
may lead to spectral bias. A longer scan time is algoined for the acquisition of
broader mass range spectra.

Successful

ion path \
lon path
Molecules \ = (
Detector
\‘:ﬁ? ¥ +
o
LT =
Quadrupole
. ﬂk 1on analyzer

Electron ion beam

Figure 2-3. Diagram of a quadrupole mass analyser.
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The mass spectrometer used in this work is the timégbftfmass spectrometer
(TOF/MS). lons are separated by time, without the use @lestric or magnetic

field. Figure 2-428 shows a diagram of a TOF/MS system.

The potential energy of an ion in an electric fieldlis wherez is the charge of
the ion andJ is the electric potential difference. lons are acceldra® a field-
free region and their potential energy is converted to kireetergy. Therefore,
ions with the same charge are accelerated with the saragckenergyzU = %2
mv2, wherem is the mass andis the velocity of the ion. The velocities of the ions
depend on their masses — the heavier the ions, the lovievelaeities. From the
time of flight,t, measured for the ions to reach the detector at a knownabsta
(length of path in the TOF tube/chamber), the m/z ratiahef ions can be
calculated:

v =d/t

zU = Y» m(d/ty
t = dNQU)*N(m/z)
= t=k*V(m/z)
miz = (t/k¥

A reflectron is added to the TOF mass analyser for thengiie of focal length.
This is especially crucial for ions with higher masses W@y have reduced
resolution as a result of the longer flight time and difficiit reaching the ideal
velocities. lons with the same mass enter the reflettdifferent times; the ones
travelling faster enter sooner than the slower ones. Téterféons will enter
deeper into the reflectron before they are reflected,ewthié slower ones enter

later but will not go as deep before they are reflecéeda result, the ions of the
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same masses will converge and narrow their range dftflignes and the

bandwidth of their output sign&®.

In contrast to the quadrupole mass spectrometer, the TORMS$10n-scanning
instrument, hence having the advantages of faster acquisdies, spectral
continuity and high dynamic rangé. The acquisition of full mass range spectra
can also be obtained without compromising on speed and sensitivitiye of
analyses. Quantitative analyses with the quadrupole spessrometer is usually
conducted in the SIM mode; thus for non-targeted compounds, samplesheoul
analysed first for the identification of the compounds, and #gain in SIM
mode for their quantification. This would however be unnecesgarythe
TOF/MS. It produces repeatable quantitative results anddnfie mass spectra
for qualitative analyses in one run, making it extremelgatife for the analysis

of non-targeted compounds.
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Figure 2-4. Diagram of a TOF mass analyser.
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The TOF/MS collected all masses between 45 and 500 amultaneously, with
data binning to an accuracy of 1 part per million. For subseglzatanalysis a
mass accuracy of 10 ppm was typically used, providing a batahce between
exact molecular elemental composition and sensitivity. Téresigvity of the
method is largely defined by the sample volume pre-concettostehe thermal
desorption, any blank or artefact value and the sensitivity of rfaess
spectrometer to each VOC. The last of these factorsessacbnsiderably
depending on the fragmentation patterns of the VOCs. For hydrochased
VOCs the blank values are typically not significant in an indomrtext and a
Limit of Detection (LOD) of around 2 ppt is typically achésl, using 3 X
standard deviation definition. A Limit of Quantification (LO@)typically 10 ppt
for hydrocarbon based VOCs in this system (10 x Std Dev definitior)this is
largely irrelevant given the most abundant VOCs are irpéneper billion range.
For species such as cyclic volatile methyl siloxanes (c)/Mtir detection limit
is below 1 part per trillion because the fragmentationtepatare highly
advantageous and unique. However the LOQ is then very saificaffected by
blank and background values and that prevents a quantitative amasesisven

though many cVMS are present in the part per billion range.

An expanded uncertainty in measurement for hydrocarbon-based v&Cke
derived based from the canister to canister sampling reptolityci canister
stability, and analytical run to run reproducibility, combinedh uncertainty
introduced by the gaseous gravimetric standards. Canisbélitgts the hardest
value to assess since it is potentially unique to each envirdriested. Storage of
samples in the canisters used here show no statisticalificagt (that is outside
of the measurement uncertainty) changes over periods of tvekswdhe
expanded uncertainty when the measurand is in the 1-1000 parliparrixing
ratio range is typically 10%, with the gravimetric standamtt®ducing the largest

single source of error.
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2.2.4 Formaldehyde analysis with HPLC and UV detection

The analysis of formaldehyde was carried out on a high peafaren liquid
chromatography (HPLC) apparatus with elution gradient and ulbtatv{UV)
detection. Separation was performed on a reverse phas¢PCC column (150
mm length, 4.6 mm diameter, 5 pum packing particle size).d€kector was set to
a wavelength of 365 nm. Flow rate was set at 1.9 mi*pand isocratic elution
was carried out with acetonitrile/water 38:62 v/v in 10 misutend reverse

gradient to acetonitrile/water 38:62 v/v in 5 minutes.

The list of the most abundant (as a mass concentration) detedt@lfls
compounds in the study is shown in Table 2.1 and it is the eighltabhosdant
hydrocarbon-based species that are then subject to a fully qtimaetanalysis in
this chapter. Figure 2-5 shows the extracted ion chromatogrbsadected VOCs
at the exact masses of their most abundant ion to confiimidkatities using the
high mass accuracy of the Agilent GC-QTOF mass specteon¥die actual mass
spectra of isoprene, toluenexylene, a-pinene, d-limonene, tetrachloroethylene
and decamethylcyclopentasiloxanes@re compared with that of the library as
shown in Figure 2-6 to Figure 2-12 (actual mass spectra obtdiopd the
analysis of Home 03 in London). The total ion GC-MS chromatogedsPID
chromatograms (see Chapter 5.3 for PID set-up) obtainedtfi@mnalyses of the
homes in London with major peaks identified and other mass ameetishown in
Appendix A. Table 2.2 lists the compounds and the exact masshsiobase

peaks (or their unique ions) for the identification of the compounds.
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Table 2.1. The detected compounds.

VOCs quantitatively analysed VOCs detected qualitavely
Isoprene Hexamethylcyclotrisiloxane
Benzene Octamethylcyclotetrasiloxane
Toluene Decamethylcyclopentasiloxane
Ethylbenzene Dodecamethylcyclohexasiloxane
m+ pxylenes Butan-2-one
o-xylene 1,2-Dichloroethane
a-pinene Tetrachloroethylene
d-Limonene Dichloromethane

Allylmethylsulfide
Diallylsulfide
Naphthalene
3-carene
p-cymene
Trimethylbenzenes
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Figure 2-5. Extracted ion chromatographs of seleetl VOCs at the exact masses of

their most abundant ion for one of the homes in Lodon.
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Figure 2-6. Mass spectra of isoprene (a) from Hon@3 and (b) from NIST MS
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Figure 2-9. Mass spectra o&-pinene (a) from Home 03 and (b) from NIST MS
library.
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Figure 2-10. Mass spectra of d-limonene (a) from Hoe 03 and (b) from NIST MS
library.
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Figure 2-12. Mass spectra of P(a) from Home 03 and (b) from NIST MS library.
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Table 2.2. List of compounds and their base peaks & TOF mass spectrum.

Compounds Base peak| Base peak Theoretical Empirical exact| Difference Mass error
(m/z) formula exact mass (M mass (M)* [M; — M| [Mt — Me/M; * 10° (ppm)
Isoprene 67 CsH7 ™ 67.0547 67.0533 0.0014 21
Benzene 78 (21 78.0470 78.0458 0.0012 15
Toluene 91 CH:* 91.0548 91.0550 0.0002 2
Ethylbenzene 91 " 91.0548 91.0536 0.0012 13
m+p-xylenes 91 CH7* 91.0548 91.0536 0.0012 13
o-xylene 91 GH;* 91.0548 91.0535 0.0013 14
a-pinene 93 CrHo* 93.0704 93.0690 0.0014 15
D-limonene 68 GHs™ - 68.0626 68.0611 0.0015 22
Tetrachloroethylene 164 C.Cls" 163.8754 163.8751 0.0003 2
Naphthalene 128 1Hs" 128.0626 128.0608 0.0018 14
Hexamethylcyclotrisiloxane 207 CsH1505Sis" 207.0329 207.0332 0.0003 1
Octamethylcyclotetrasiloxane 281 7H3104Sis" 281.0517 281.0538 0.0021 7
Decamethylcyclopentasiloxane 355 CoH270sSis" 355.0705 355.0774 0.0069 19
Dodecamethylcyclohexasiloxa¥ie 429 G1H3306Sis" 429.0893 429.0909 0.0016 4

Percent error of the measurements by TOF/MS is ~10%
*Empirical exact mass based on analysis of Hom&d@8 London.
Vm/z of 429 was not the base peak but was chosgmvas unique to the compound.
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2.2.5 19-homes study in London

As part of an exposure assessment during a pregnancy study in Letatan,
sampling units were installed in participants’ homes with@sn® account for a
number of environmental stressors (including VOC compounds via @anist
sampling) shown to impact pregnancy outcortis The sampling occurred in

spring of 2015.

A questionnaire survey was conducted to collect further infeomatbout the
homes sampled. Some of the information has been tabulatedbie Z&. In
summary, occupancy density ranged from 2-6 people in each hmég of
homes were double-glazed; 50% of homes had gas cooking; meagrdaamg
values ranged from 19 °C to 26 °C and humidity from 30 % to 54n#%oor
sampling took place in the living rooms of all the homes, &6 of the homes
featuring an open-plan living room and kitchen. Household chaistiater
recorded for London houses mainly captured factors that can io#utre
concentration of VOCs generated indoors such as the buildingagegre footage
of the homes, flat/house types, glazing of windows, occupancytidenas well

as the type of stoves installed in the kitchen.

VOCs samples were collected in evacuated canistetssasibed in Chapter 2.2.1.
The canisters were packaged with passive air sampling kitke at ambient
temperature and shipped from York to London. After sampling for aboate&,
the canisters from London were sent back to York at amigemperature and

analysed within 14 days.

Temperature and relative humidity measurements were condusied an
integral unit developed by the University of Cambridge Dipant of Chemistry,

‘SNAQ Wireless sensor unit'3%. The unit incorporated temperature and RH
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probes with a logging interval set to 2 seconds. A GPRSsmnitter stored and

uploaded data to a server for post-processing and off-line analysi

Table 2.3. Characteristics of sampled homes in Loroh.

] Most
Homes | Occupancy Placement Wlnd?ws abundant
glazing VOC
01 4 Living room Double a-Pinene
02 2 Living room and kitchen Triple d-Limonene
03 2 Living room and bedroon; Double | d-Limonene
04 3 Living room and kitchen Single d-Limonene
05 3 Living room Double a-Pinene
06 3 Living room and kitchen Double | o-Pinene
07 4 Living room Double | d-Limonene
08 4 Living room Double d-Limonene
09 3 Living room Double | d-Limonene
10 3 Living room Double d-Limonene
11 4 Living room Single d-Limonene
12 2 Living room Double d-Limonene
13 2 Living room and kitchen Double | d-Limonene
14 3 Living room and kitchen Double | o-Pinene
15 3 Living room and kitchen Single a-Pinene
16 3 Kitchen Single d-Limonene
17 3 Living room Double | d-Limonene
18 2 Living room Single d-Limonene
19 6 Living room Double Toluene
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2.2.6 6-homes study in York

Six similar homes in York UK were chosen at random by BBEakehers as part
of the programme “Trust me I’'m a Doctor” broadcast in Jan@ad6. Sampling
was conducted in autumn of 2015. The selected homes werendf8lzedroom-
size, built around 15 years ago. Three samples were taleactinhome, and the
time span between each sampling period was approximately ae@swin a
similar fashion to the London measurements VOCs samples wheeted into
evacuated 6-litre Silica-treated steel passivateustas integrated over a week
using constant flow critical orifice restricted inlets, amhlysed within 14 days
after sampling. The sampling canisters were placedimglixooms. In addition to
canister sampling, formaldehyde sampling was performed a tirthe homes,
using a carbonyl derivatisation method with a stainless stetartridge filled
with 2,4-dinitrophenylhydrazine (2,4-DNPH) coated Florisif® (Radiello code
165, Supelco Analytical, USA) followed by HPLC analysis.

Information such as the types and frequency of consumerfateandducts used
were collected from each of the homes studied in York. énhtbmes studied,
between six to ten different products were used in each Ipemeveek. The
frequency of usage of each item ranged between one tortes per week. We

note that the types and frequency of product usage varied sigtifideom
household to household; the types of products used included, general room
fragrances, plug-in air fresheners, cleaning sprays and @slishented candles,

and washing liquids as well as numerous different personal care {modooe of

the selected residences had attached garages and no imddamgs activity was

reported.
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2.3 Results and analysis

The chromatograms obtained for the detection with TOF/MS andaréDas
shown in Appendix A.

2.3.1 19-homes study in London

The most abundant and frequently detected VOCs in almosKaldihes were
a-pinene and d-limonene. These originate from a combinationtofahaources,
including plants and foods, and from fragranced consumer produdtsssaticat
we define as including personal care and more general clearsitagials 32,
Compounds including toluene, ethylbenzene and xylenes which are wemistit
of household products i.e. paints, adhesiés3etc. were also ubiquitous. In a
study by Liu et al., the concentration and source charaatsristi carbonyls,
benzene, toluene, ethylbenzene and xylenes in Beijing homesstudied with
higher concentrations of some compounds (i.e. formaldehyde, aiatdé]
benzene and toluene) attributed to the recent renovation dfotines’. In a
different study by Xu et al., the measured VOCs (includirkqrads, benzene,
toluene, xylenes and terpenes) concentrations in the indoor envirtbnveees
generally higher than that of the outdoor environment, with Kueption of
carbon tetrachlorid®. Additionally, it was inferred that while compounds such as
benzene and short-chain alkanes were likely to be from outdoocesour
compounds such as monoterpenes and naphthalene were likely toriganeted
from indoor source®. In some of the London homes naphthalene was observed,
although its origins could be from many different sources includiggrette
smoke, pesticides and insecticides, or diesel f€l*? Known halogenated
carcinogens such as 1,2-dichloroethane and tetrachloroethyleaebserved in
several homes. Cyclic volatile methyl siloxanes (cVMS) suas

hexamethylcyclotrisiloxane @), octamethylcyclotetrasiloxane {D and
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decamethylcyclopentasiloxane D were also detected frequently. These
compounds are ubiquitous and can easily be found as background contamination
in blank or control sampleg?!, resulting in persistently high background
concentrations of cVMS found in our analyses. Although the condensabf

these cVMS were not quantifiable, their apparent high coratéris and wide

occurrence indoors are highlighted here as a significanréeaf UK homes.

The variability in the concentration of selected indoor V@&ghe 19 homes is
shown in Figure 2-13. Figure 2-13 illustrates that certain V@i@sn the London
homes vary considerably, and no significant relationship was fdante
associated with building age, size or occupancy. Whilst nM8Cs show
considerable variability between homes, the most abundant spbéses/ed are
typically the monoterpenes, i.e. d-limonene arfminene. These compounds were
observed in concentrations ranging from below the detection(B91 pg ne) to

as high as 54 pg n This is a 5-day average concentration and hence the short-
term peak concentrations are likely to have been higheradtinferred that the
greater variability seen in monoterpenes, compared to Ues, likely reflects
the heterogeneous daily habits of the inhabitants in theirofisdeaning and
personal care products. Given there are sources of d-limonenddooinplants
and flowers it would be reasonable to consider that therénet@ral’ component
to the observed variability and an anthropogenic component, althouguisie
the definition is somewhat arbitrary. In the UK under winteeticonditions an
outdoor natural source of monoterpenes from trees and plants camddered
negligible. Order-of-magnitude differences were seen imteeage concentration
of compounds such as toluene (factor of 19) and xylenes (fac2érfof o-xylene)
between homes in the study, with the least variability,céofeof 4, shown for

benzene.
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Figure 2-13. Averaged concentrations of the most alndant indoor VOCs from 19
homes in London showing the median, interquartile ange, and the maximum and

minimum values.

The indoor concentration of benzene is stated to be welllatade with its
outdoor concentrations, with the indoor/outdoor (I/O) ratio being ctogé“-143
Hence, the variability in benzene concentrations observitsistudy were taken
to be a proxy for variation in outdoor concentrations and ventilatiturences on
the concentrations of the other compounds observed in each of the Admaes.
ratios of the concentrations of each of the compounds to thgeatve
concentrations of benzene for each sampling point were caldudaid averaged
as shown in Table 2.4. The ratios obtained for d-limonene (n82anedian: 5)

anda-pinene (mean: 6; median: 3) were of a greater magnitude edmepared to
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the other VOCs which had mean and median ratios of belma8. This indicated
that the most likely source of the high concentrations of, vemi@bility in, d-

limonene andi-pinene was from indoor sources.

For comparison, the ratios of the concentrations of VOCs/benwzengecalculated

for the data obtained from the outdoor sampling in London conducted by
Dunmore et al***in winter and summer. Table 2.5 shows the ratios obtained for
the analysis of the outdoor concentrations, averaged ovdwtheeasons. The
ratios obtained for the outdoor concentrations of limonenexgydene to that of
benzene was observed to be about 0.2 and 0.3 respectivelynthast with the
much higher ratios obtained in the present indoor concentratiossfuttiner

illustrated the predominant indoor sources of limonenexauidene.

Table 2.4. Ratios of concentrations of VOCs / benae.

Compounds / Benzene ratios

Ethyl- m-+p- d-

Isoprene | Toluene o-xylene | a-pinene

benzene | xylenes Limonene
Mean 1.35 271 0.73 2.03 0.75 5.88 7.64
Median | 1.20 1.99 0.54 1.25 0.46 2.55 5.16
Q1 0.36 1.40 0.28 0.69 0.27 1.30 3.60
Qs 1.65 2.97 1.01 2.55 0.88 5.28 12.11
*Q1is the middle value in the first half of the daga dirst quartile).
**Q 3 is the middle value in the second half of the data(third quartile).
Table 2.5. Ratio of outdoor concentrations of VOCébenzene.
Compounds / Benzene ratios
Ethyl- m-+p- . d-
Isoprene | Toluene o-xylene | a-pinene | .
benzene | xylenes Limonene
Mean 0.20 2.53 0.47 0.64 0.46 0.34 0.17
Median | 0.41 2.25 0.43 0.56 0.39 0.35 0.13
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A comparison was made between the concentrations of various WOlibmes
with single glazed windows versus those with double glazed windowghe
absence of ventilation measurements from each house thisowsislered to be a
proxy for air exchange. Previous analysis of the ventilatiteces of changing
single pane to double glazed windows in UK homes showed largetefin air
infiltration. Average impacts in the study by Ridley ketshowed a reduction from
0.9 ach (air change per hour) to 0.64 ach when window typesswegped-*°.
However, as seen from Figure 2-14, it was difficult to deasglationship between
the types of windows and the concentrations of VOCs observetdsi® were
conducted for all the compounds listed in the figure, and thetseshibwed that
there was no statistically significant difference € 0.05) between the
concentrations of the compounds in homes with single and double glazed
windows, i.e. for benzene: t = 0.59, p = 0.58; for ethylbenzere:2.05, p =
0.057 (most significant); for d-limonene: t = -0.299, p = 0.772(lsmnificant).
Although the type of glazing may give a general idea about th&laten in a
home, further tests would have to be conducted utilising l@@®ple sizes for a
more conclusive relationship to be inferred between the typglazihg in homes,
ventilation rates (or tightness) of the buildings and conagoirs of compounds
found in the indoor environment. In addition, there was no informattmout
whether or not the windows were opened. Also no information waitable on
the frequency of window opening and the impact of outdoor sourcesffé-
related VOCs could not be assessed, since no immediate outdeowele

available in the current study.
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Figure 2-14. Comparison between homes with singldaged windows and double-

glazed windows.

2.3.2 6-homes study in York

The London results provided a single 5-day average sample sna@gsbes a
range of houses. The York study was designed to examine the thehusese
variability for similar building types, albeit for a srhahmple size and period.
This aimed to remove some of the variability induced by ngldionstruction
and leave the predominant source of variability as occupah@avipur.
Quantitative analysis was conducted for the same eight aimsidant VOCs
found in all homes. Similar to the results in London, the cdragons of a-
pinene and d-limonene showed much greater variability and m@ngpared to
other VOCs (see Figure 2-17). 5-day averaged concentratipngpfnene and d-
limonene ranged from 2 to 229 pg3nand 18 to 1439 g threspectively,
whereas concentrations for isoprene and benzene were within muokverar

ranges of 11 to 22 ug¥rand 7 to 19 pg rrespectively. An activity log (Table
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2.6) kept by occupants in the 6 homes showed that the higheshtatioa of d-
limonene found in Home 4, with a mean d-limonene concentrafi@07 pg n¥,
was associated with occupants who used 9 different cleaanlg fragrance
products, each used on more than 10 occasions over the weekh&onomes, 6-
10 different products were used 1-5 times during the sampling pé&iaather
interesting observation was that aside from Home 4 which keeptonal d-
limonene concentrations, there were two further homes whictedrd mean d-
limonene concentrations of 100 pg*rfHome 3 with a mean of 157 pg3mand
Home 6 with a mean of 111 pg3n Although both homes used a variety of
fragrances and cleaning products and with different and lower fiegué usage,

they also burnt scented candles five times during the samg@imadp

This large variability in concentrations @fpinene and d-limonene within similar
building-types highlighted the significant impact of inhabitéethaviour and
indoor sources in each of the homes. It showed that whilst avesiigeated
concentrations of species such as benzene are broadly represesftafeneral
exposure, more individualised measurements are vital for monoésrp@d mean
values across a population study are not informative for indivieMpbsure

estimates.

Although botha-pinene and d-limonene are generally considered to have low
toxicity 6 146 they can form secondary pollutants by reaction with ozone and the
hydroxyl radical, including compounds such as limonene oxide and formdklehy
87,147 When concentrations of d-limonene are in the range 100-10003uthem
secondary yields of products such as formaldehyde have theigloteriiecome
significant, relative to the expected indoor ambient concentratiohs
formaldehyde. The formaldehyde yield from the oxidation of d-fiem® is
around 10-1994“® under typical outdoor atmospheric conditions, and so there

exists at least the chemical potential for the formatiorl@f of pug n? of
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formaldehyde at steady state. This can be compared withvdahees of
formaldehyde observed here which are of the same ordergsfitande. The exact
oxidative environment indoor is of course different to outdoors, but wadwv
highlight that even relatively low yield reactions from monpégres would have
the potential to make notable contributions to indoor formaldehyde wieen
primary VOC was in such high abundance. It has been demeuisthait indoor
ozone-terpene reactions produces aldehydes such as formaldéffyde
Additionally, highly reactive hydroxyl radicals that are form&dm ozone
reactions®® could further react with other compounds to form formaldehyde.
Reaction mechanisnt8 of limonene with the hydroxyl radical and ozone to form

formaldehyde are shown in Figure 2-15 and Figure 2-16 respectively
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Figure 2-15. Reaction of limonene and OKF.
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+ HLOO ane @ +  HCHO

Formaldehyde
o P 0{3

Figure 2-16. Reaction of limonene and ozorfé

Formaldehyde was also measured in parallel in three honeesedi3, 4 and 5) in
this study, taking the average measurement from pairs degloyed 72-hour
average diffusion tubes. These three homes were chosen sipncgpdmmed the
lowest to highest d-limonene concentrations. Average formaldehyHeme 4,
which reported the highest VOCs concentrations, was 66 $1gnnklome 3 it was
47 pug e, and in Home 5 which reported the lowest VOCs concentrationsas

33 ug ne.

Figure 2-18 shows the data obtained for each individual honreagperiod of 3

weeks.

64



Chapter 2

1500 -
1450 -
1400 -
1350 -
1300 -
1250 A

1200 <
250

200 -
150 -
100 -

50 -

Concentration of VOCs detected in homes (ug/#h

Results and analysis

40

30 1

() < (] (4]
o o > 0N >
(\)‘Z) 0@ (\)6 \‘Za \@
& & ¢ &8
d N °
N

Figure 2-17. Averaged concentrations of the most aindant indoor VOCs from six

similar build homes in York showing the median, inerquartile range, and the

maximum and minimum values.
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Figure 2-18. Variability in selected indoor VOCs ofeach of the homes in York,
showing the median and the maximum and minimum vales.
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Home 1

Home 2

Home 3

Home 4

Home 5

Home 6

Results and analysis

Table 2.6. Activity log for York homes.

Type of consumer
product

Cleaning products
Fragrance /
freshener

Cleaning products

Fragrance /
freshener

Cleaning products

Fragrance /
freshener
Scented candle
Cleaning products
Fragrance /
freshener

Cleaning products

Fragrance /
freshener
Cleaning products
Fragrance /
freshener

Scented candle

Quantity

67

1

Frequency used over
sampling period
4 products used once

2 products used 5 times

2 products used once;
4 products used twice

1 product used 3 times

1 product used twice;
1 product used 3 times;
2 products used 5 times

2 products used once

1 product used 5 times
8 products used 10 times

1 product used 10 times
4 products used once;
4 products used 5 times

2 products used 5 times

5 products used 5 times

1 product used 5 times

1 product used 5 times



Chapter 2 Results and analysis

Similar to the data analysis for the London homes, the indoddoutbenzene
concentrations were assumed to be ~1. The ratios of thentratwen of each of

the compounds to the respective concentrations of benzene obsenaath iof e

the homes in York were calculated and shown in Table 2.7. Tios @btained

for d-limonene were much higher, with a mean of 21 and media®, aompared

to the other compounds which have mean and median ratios of atm@t The
ratios were also much higher when compared to the outdoor ratios of
concentrations ofi-pinene and d-limonene to that of benzene as shown in Table

2.5. Again, this pointed to predominant indoor sources of the monogrpe

species.
Table 2.7. Ratios of concentrations of VOCs / benze.
Compounds / Benzene ratios
Ethyl- m-+p- . d-
Isoprene | Toluene o-xylene | a-pinene | .

benzene | xylenes Limonene
Mean 1.17 1.50 1.57 3.17 1.58 3.28 20.75
Median | 1.20 1.51 1.57 3.19 1.59 1.18 10.35
Q: 0.79 0.94 0.98 2.06 1.02 0.47 7.26
Qs 1.47 1.91 2.12 4.26 2.12 3.02 15.09

*Q:is the middle value in the first half of the daga girst quartile).
**Q 3 is the middle value in the second half of the data(third quatrtile).

2.3.3 Comparison with other studies

Median concentrations of d-limonene observed in this work ranged7@gungy m
3to as high as 814 pugiWhile there was week-to-week variability within bac
of the homes sampled, the measured d-limonene concentratoasigher than
any previously reported for homes in other studies. A previousnatlarge
survey conducted in 875 homes in England found that d-limonenesvanged
from 0.1 pug n¥ to 308 pg n¥, with a geometric mean of 6.2 pug3. In the

AIRMEX (European Indoor Air Monitoring and Exposure assessmenty st
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involving VOCs measurements public buildings, schools and homes in eleven
European cities, d-limonene was identified as being predomtynderived from
indoor sources, with mean concentrations of 9.4 pgand 29.2 pg M and
maximum concentrations of 176 pg@and 493 pg mM observed in schools and
homes respectivel§Pl. Studies in Detroit, Michigan, USA observed d-limonene
with median and maximum concentrations of 16 pgamd 173 pg M3 and 14
ug m2 and 135 pg mM %2 Similarly, 53 indoor environments in Ypsilanti,
Michigan, USA showed d-limonene with median and maximum corat@nis of

17 pg mPand 259 pug M Another study of 22 homes in Puertollano, Spain
observed d-limonene with median and maximum concentrations jofj 13% and

87 pg m? ¢¢ while a study in Germany observed d-limonene with median and

maximum concentrations of 16 pgiand 65 pg m &L

2.4 Conclusions

This study identifies a common set of the most abundant VOCs fou2&
homes including benzene, toluene, xylenes, d-limonene @&pdhene, all
classified in the European Commission INDEX strateggore as priority
pollutants to be regulatéd Although substantial variability in the concentrations
of all the top eight VOCs was recorded across the 25 homes, muerae were
clearly the most abundant and variable. In the London homes 68%d-had
limonene as the most abundant VOC, and 268thene the most abundant. In the
more modern energy efficient homes studied in York, the corat®mts of d-
limonene were as high as 1000 pg,nassociated with occupant behaviours of
frequent use of cleaning and fragranced products. In at least ongtr®manber
of plug-in air fresheners used was likely beyond manufacsugaitielines for use,
although we do not have the original packaging information to cortfie advice

given. It was observed that occupant behavioural pattersgstrinfluenced the
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indoor concentration of monoterpenes to a much greater degreankaother

class of VOCs. This was consistent with other stutlies

The five-day averages recorded here would indicate that-tgnort transient
concentrations of some VOCs may well regularly exceedpaartnillion mixing
ratios. At the very highest concentrations, and in the smatiber of homes
where consumer products are used apparently in large quantiées,g at least
the potential for ozone and hydroxyl reactions to generate secopdatycts
including formaldehyde and aerosols under conditions with essentidlipited
feedstock of reactive carbon as monoterpé&hebhe actual yields indoors remain
very uncertain, and are not predicted here, but would be ceutrbly ozone
ingress and interior photochemistry and surface reactions. Althcagister
sampling is very commonly used for outdoor regulatory VOC measamts'®3 it
is rarely used indoors. The study found the sampling methods to hEattola
with a moderate size cohort study, straightforward for volurgagicipants and
compatible with their homes. The analytical method wasragiterised by low
detection values in the part per trillion range, but the mesleaditivity was rarely
a limiting factor. In addition to some abundant hydrocarbon-base@€sy a
number of cyclic volatile siloxanes were seen in high amoan&l homes, but
they could not be reported quantitatively due to high blank vatuégeianalytical

system.

Domestic indoor air cannot be easily regulated through public esland the
health impacts of exposure to monoterpenes may well be nagrbgcant in the
vast majority of homes. However a precautionary case caulidie that better
public information on fragranced product use would be worthwhile, thiéh
objective to discourage behaviours that may in a small nuofbeases lead to

unnecessarily excessive emissions in low ventilation domestings. This might
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be achieved relatively simply through improved product labelling aldegnore

explicit advice on ventilation.
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Indoor air analysis: Analysis of VOCs in new
buildings during and after cleaning and use of

fragrance products
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Chapter 3 Introduction

3.1 Introduction

The quality of indoor air is important for the well-being and @ernance of an
individual. There are a number of different factors thdeca$ the indoor
environment, and these include the immediate outdoor environmentpfuse
chemicals and consumer products, and ventilation exchange hatescent
decades, there have been initiatives for the conservatiomeafyethat led to the
construction of more energy-efficient buildings. This resultedbuildings with
improved insulation and reduced ventilation, trapping pollutantschearicals in
the indoor environmerf® 44 A study by Asere et al., in which four ventilation
scenarios were assessed, concluded that different amreyehates could have a
significant impact on human productivity. In another study by Wargocki et al.,
it was found that an increase in ventilation rates incteabe occupants’
satisfaction with the air quality and also led to an improvenie office tasks
performances®®. There is also evidence that an increase in veotiatites is

associated with the decrease in prevalence of Sick Bgilliyndrome (SBSY®
158

A study conducted by Jarnstrém et al., which investigatethtlu®r air quality in
newly built apartment buildings, found that the interior surfdfiesr, walls and
ceiling) contributed to about 50% of the TVOC emissions in inddaor a
suggesting the presence of other VOC soutégslt was also stated that the
ceiling and PVC flooring were important contributors to VOC eoniation
levels'®®. In another study, it was observed that the high TVOC coratimts
measured prior to occupancy in new apartment buildings generatiyaded with
time, but were increasingly replaced with other VOGs. g-pinene, d-limonene,
5-methyl-2-hexanol, and 3-methyl-2-pentanone) as the occupancyd peri

increases®®
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Chapter 3 Test sites and conditions

This chapter describes the analysis of VOCs in two edfia a new building with
different types of flooring: carpet and vinyl. Sampling wamsducted under
ventilated and non-ventilated conditions before occupants movedhatoew
building. Subsequently, cleaning products and fragrances were used unde
ventilated and non-ventilated conditions and air samples eadlected for each
scenario. Such activities were carried out to simutateupancy in the new
buildings whereby cleaning and scented products were usedo adentify the

changes in VOC concentrations with the use of cleaning prodndtiagrances.

3.2 Test sites and conditions

6-liter canisters (SilcoCan, Thames Restek U.K. Ltdewesed in the sampling of
air in two different locations in a new building: a viniddred room and a
carpeted room. A work flow diagram is shown in Figure 3-IorRo sampling,

the canisters were evacuated with a vacuum pump. During sameéinigters

were attached to a pump and canisters were filled tor3de@ Figure 3-2).
Samples were taken in both rooms with windows closed and widpened at
the beginning before any activities were carried out. Subaségusamples were
taken again before and after cleaning of a table top inciias, and again after
the introduction of an air fragrance for an hour. These wemgedaout for 2

scenarios in which windows were closed and opened. Cleamiagmints were
carried out with the aerosol cleaning agent “Pledge Furniralish Wood Classic”
(Figure 3-3a). The aerosol was liberally sprayed onto the tap surface and
cleaning was carried out for approximately 5 minutes. Th&agrance used was
a plug-in scented oil, “Air Wick's Life Scents Mom’s Baking e¢dted Oil”

(Figure 3-3b), which was left to permeate the room at ttleelsi intensity for an
hour before air samples were collected. Table 3.1 listsdifierent samples

collected across the different scenarios.
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1. Background sample
collection

o 4

2. Cleaning and sampling
(with windows closed*)

o

3. Sampling afterl hour
of cleaning

o 4

\

4. Ventilation of rooms

- 4

5. Air freshener was
turned on
(with windows closed*)

-

6. Sampling after 1 hour
of turning on air freshener

k"

\
7. Rooms were ventilated
overnight
s /
N
8. Repeat 2-7

(with windows opened?).

-

Test sites and conditions

*4 background samples were taken (~20 minutes each)
(a) Vinyl-floored room with windows closed
(b) Carpeted room with windows closed
(c) Vinyl-floored room with windows opened
(d) Carpeted room with windows opened

«During cleaning of about 5 minutes, samples were
collected (~ 20 minutes each).

2 samples were collected:
(a) Vinyl-floored room during cleaning
(b) Carpeted room during cleaning

2 samples were collected (~ 20 minutes each):
(a) Vinyl-floored room during cleaning
(b) Carpeted room during cleaning

*Windows and doors of both rooms were left oper2f@r
hours to flush out the chemicals build-up.

*Windows in both rooms were closed before air fegshn
was turned on and left for an hour.

2 samples were collected (~ 20 minutes each):
(a) Vinyl-floored room after 1 hour of turning oir a
freshener
(b) Carpeted room after 1 hour of turning on air
freshener

*Windows and doors of both rooms were left open
overnight to flush out the chemicals build-up.

« Steps 2-7 were repeated, but with windows opened
throughout, i.e. during cleaning, sampling and wagn
freshener was turned on.

Figure 3-1. Work flow diagram of sampling carried ait in new building.

75



Chapter 3 Test sites and conditions

J

-
1
L

J

BW v | N P
s .\
L i\
o A\
I\
N
O —

!

m*

Figure 3-2. Canisters attached with pump for activesampling of indoor air.

Figure 3-3. (a) Cleaning product and (b) fragranceised.
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Chapter 3 Thermal Desorption and GC instrumentation

Table 3.1. List of samples collected in new buildm

No. Flooring Windows Treatment

1. Vinyl Closed NIL

2. Carpet Closed NIL

3. Vinyl Opened NIL

4. Carpet Opened NIL

5. Vinyl Closed During cleaning

6. Vinyl Closed 1h after cleaning

7. Vinyl Closed 1h after air fragrance
8. Carpet Closed During cleaning

9. Carpet Closed 1h after cleaning

10. Carpet Closed 1h after air fragrance
11. Vinyl Opened During cleaning

12. Vinyl Opened 1h after cleaning
13. Vinyl Opened 1h after air fragrance
14. Carpet Opened During cleaning
15. Carpet Opened 1h after cleaning

16. Carpet Opened 1h after air fragrance

3.3 Thermal Desorption and GC instrumentation

The pressurised air sample was introduced into a therrsatgt®on unit (Markes
Unity Series 2 Thermal Desorption Unit) prior to separatiom the gas
chromatography (GC) column. The gas was first passed throughl-dingers
set-up maintained at a temperature of about -35 °C. Thiedexy remove
moisture from the gas before it enters the thermal desonmion1000 mL of gas

was sampled at 100 mL minThe trap was purged for 1 minute at 100 mL-fnin
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and heated from -30 °C to 300 °C at the maximum heatingfdbe system and
held for 3 minutes.

High purity helium (BIP Air Products, Keumiee, Belgium) wasedisas the carrier
gas for GC. Separation was performed on a BPX5 column (6@.32 mm x 1.0
pm, length x internal diameter x film thickness) with tvahitsoutlets, one going

to a time-of-flight/mass spectrometer (TOF/MS) and thergoing directly into

an olfactory port, used either for human assessment or as aimgotor a
secondary photoionisation detector (PID) via a heated transfer dt a
temperature of 20C. The oven was programmed to run at 40 °C for 3 minutes,
then ramp at 15 °C minto 125 °C, then at 20 °C mirto 250 °C and held for 2

minutes.

3.4 Results and Discussion

Comparisons were made among the different samples colla&edus graphs
were plotted where V = vinyl-floored; C = carpeted; WC mdews closed; WO

= windows opened.

Samples were collected before cleaning and the introductiragrances in the
two rooms (Figure 3-4). Xylenes were the dominating VOCs \aithotal
concentration of about 30 ngtlin either of the rooms when windows were closed.
Xylenes are used as solvents in a variety of products asi@aints, glues, inks,
plastic and rubber, and could have been emitted from buildingriala such as
carpet adhesives, vinyl cove adhesive, latex caulk, latErt, and various
mouldings'®%. a-Pinene had the next highest concentration of about 15'rig L
either of the rooms when windows were closed. Emissionspaiene were likely

to be from the wooden furniture such as the tables and theinghéhat were

newly installed.
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25
mV, WC, before activity

20 m C, WC, before activity

V, WO, before activity

mC, WO, before activity

Concentration of compounds (ng/L)

Figure 3-4. Concentrations of compounds before argctivities were carried out. (V

= vinyl-floored; C = carpeted; WC = windows closedWO = windows opened)

Figure 3-5 and Figure 3-6 show the concentrations of the compounds dndng
after the various activities were carried out. It wasserved that across the
different scenarios, the concentration of compounds such as betzieene and
xylenes had a much lower variability compared to the eofmation of
compounds such aa-pinene and d-limonene. The range of concentrations
observed were from 0.5 to 1.1 ng,L7.3 to 13.6 ng £, 4.8 to 8.9 ng t for
benzene, toluene ardxylene respectively, whereas the ranges were fromwbel
detection limit to 10.7 ng L and 0.5 to 23.4 ng-Lfor a-pinene and d-limonene

respectively.
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These results further support the previous studies in UK horatshth usage of
consumer products, such as fragrances and cleaning products, kha#icast
influence on the concentrations of a certain class of compouedsionoterpenes,
in the indoor environment. The variability in the concentratiod-binonene was
as high as a factor of 46, while that of benzene from comnalpuahd transport,
and solvents such as toluene and xylenes were much |o&&r for benzene, 1.8
for toluene, and 1.8 far-xylene.

30 1 mV, WC, during cleaning
mV, WC, after cleaning

N
(&)
1

mV, WC, after fragrance
mC, WC, during cleaning
mC, WC, after cleaning

N
o
1

u C, WC, after fragrance

15 4

10 -

Concentration of compounds (ng / L)

(6}
1

Figure 3-5. Concentrations of compounds detected ass different scenarios in
rooms with vinyl and carpet flooring when windows vere closed. (V = vinyl-floored;

C = carpeted; WC = windows closed; WO = windows oped)
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30 1 mV, WO, during cleaning

mV, WO, after cleaning

N
ol
L

mV, WO, after fragrance
E C, WO, during cleaning
20 - m C, WO, after cleaning

m C, WO, after fragrance

15 4

10 -

Concentration of compounds (ng / L)

a1
1

Figure 3-6. Concentrations of compounds detected anss different scenarios in
rooms with vinyl and carpet flooring when windows vere opened. (V = vinyl-

floored; C = carpeted; WC = windows closed; WO = widows opened)

Comparisons between the concentrations of benzene and d-limonenmadse
for the difference scenarios (Figure 3-7 to Figure 3-12). @smand d-limonene
were the chosen compounds for this comparison study as benzene wdsors

likely to be from outdoor sources and d-limonene was mainly e baginated
from indoor sources.

From Figure 3-7 and Figure 3-8, with the windows closed (no la&ati) the
concentrations of d-limonene in the rooms remained high or sedeahen
samples were collected 1 hour after the cleaning actifity.increase in the
concentration of d-limonene was observed in the vinyl-floored rafden an hour
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of cleaning, whereas there was a seemingly slight decreasevedbsin the
carpeted room after an hour of cleaning. This could be dueetdeposition of

compounds onto the carpet surfaces, resulting in lesser amoesgsi{on the air.

30 -

25 @V, WC, during cleaning

mV, WC, after cleaning
20 -

15 -

10 -

Concentration of VOCs detected (ng/L)

Benzene D-limonene

Figure 3-7. Concentrations of compounds in vinyl-Blored room with windows closed
during and after cleaning. (V = vinyl-floored; WC = windows closed)
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30
25 @ C, WC, during cleaning

20 | mC, WC, after cleaning

15

10 -

Concentration of VOCs detected (ng/L)

Benzene D-limonene

Figure 3-8. Concentrations of compounds in carpetetbom with windows closed
during and after cleaning. (C = carpeted; WC = winaws closed)

As seen from Figure 3-9 and Figure 3-10, there was a signifabecrease in the
amount of d-limonene detected after 1 hour of cleaning when wdare left
opened. With ventilation, the compounds found in the cleaning agenodmlild
up in the indoor environment and would allow for return to normalcy fatster
rate.
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30 -

=V, WO, during cleaning
25 - T

mV, WO, after cleaning
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15 -

10 -

Concentration of VOCs detected (ng/L)

, 0

Benzene D-limonene

Figure 3-9. Concentrations of compounds in vinyl-fiored room with windows

opened during and after cleaning. (V = vinyl-floorel; WO = windows opened)

16 -
14 - @ C, WO, during cleaning

121 mC, WO, after cleaning

10 -

Concentration of VOCs detected (ng/L)
0]

Benzene D-limonene

Figure 3-10. Concentrations of compounds in carpeteroom with windows opened
during and after cleaning. (C = carpeted; WO = windws opened)
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In both the vinyl-floored and the carpeted rooms, concentratbrmslimonene
detected were significantly lower when the windows wefedpened during the

application of the fragrance as seen in Figure 3-11 and Figlige

11 -
o
S 10 A
< @V, WC, after fragrance
- 97
]
© 8 -
o mV, WO, after fragrance
3 7
8 ..
o
> 5 -
gS
§ 4
8 3
<
g 2
5
s 17

0 T

Benzene D-limonene

Figure 3-11. Concentrations of compounds in vinyllbored room with windows
closed and opened after application of air fragrane. (V = vinyl-floored; WC =

windows closed; WO = windows opened)
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61 @ C, WC, after fragrance T

mC, WO, after fragrance

Concentration of VOCs detected (ng/L)

. L

Benzene D-limonene

Figure 3-12. Concentrations of compounds in carpeteroom with windows closed
and opened after application of air fragrance. (C =carpeted; WC = windows closed;

WO = windows opened)

3.5 Conclusion

This set of experiments generally shows that having singiélation measures
i.e. opening of windows will allow for better air exchange arel/@nt the build-

up of chemicals within an enclosed space. The reductiord-lfnonene

concentrations, after using fragranced cleaning products contaitiieg
aforementioned chemical, was observed when windows weregefied during
and after the cleaning activity. The fluctuations in tHembnene concentrations
were evident when compared to that of benzene. Simildmyapplication of air
fragrance also resulted in a higher concentration of d-limoonéserved when

windows were closed, compared to when the windows were dpene
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Sampling and analysis of cyclic volatile methyl

siloxanes in air
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4.1 Introduction to Cyclic Volatile Methyl Siloxanes

The study of Howard and Muir has provided an overview of emergingjgpent
and bioaccumulative chemicals that have been produced in qormhgpantities

3. Chemicals in this overview were considered to be bigaclative if they had
high octanol-water partition coefficient (logkd values, and persistent if their
atmospheric oxidation half-life (A@z) was of the order of days, meaning as a
consequence that they are potentially susceptible to regmmabng-range
atmospheric transport. A high air-water partition coefficidogiaw) coupled
with a relatively low octanol-air partition coefficientog Kos) also is a good

indication that the chemical is likely to be found in the'&ir

Cyclic volatile methyl siloxanes (cVMS) (see Table 4ot more information)
have been widely used in a variety of consumer products suctagrsrices,
deodorants, cleaning products and lotidfls They are used as solvents or
ingredients in formulations because of their volatility and simdeel to the
consumer. They also have important product performance qualitdsas being
inert, odourless and colourless, and therefore they are measd as a solvent or
main component in personal care proddétOctamethylcyclotetrasiloxane {D
and decamethylcyclopentasiloxane)bave been identified as chemicals that are
in high volume production (range ~ 45 x®10226 x 10 kg/yr) and which are
potentially bioaccumulative (log d% values of 5.09 and 5.71 respectively) and
persistent (AQs of 7.15 and 8.94 days respectively) Studies have also found
cVMS to be large contributors to indoors VO3 164and hence it was of great
interest to analyse such compounds in parallel to the indo@analyses carried

out.
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Hexamethylcyclotrisiloxane

Ds

Introduction to Cyclic Volatile Methyl Siloxanes

Table 4.1. Information on cyclic volatile methyl doxanes.

541-05-9

GH1803Si3

222.46

Octamethylcyclotetrasiloxane

D4

556-67-2

GH2404Sia

296.62

Decamethylcyclopentasiloxane

Ds

541-02-6

GoH300sSis

370.77

Dodecamethylcyclohexasiloxane

540-97-6

G2H3606Sis

444.92
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The toxicity and persistence of tile coating products containing sillloynes
were evaluated in a 2014 study which showed that the patistisly subjects
exposed to those products developed symptoms such as coughingaghesidp
fever within a few hours®. Potential acute health effects of cVMS have also

been discussed in other publicatiéhg?

A diurnal trend in cVMS atmospheric concentrations has beemvauokewith
night-time samples having a higher average than day-siameples®’. It was
suspected that this phenomenon may be partly a result dfutteations of the
planetary boundary layer and resulting atmospheric dilution. Inatime study, it

was also reported that indoor concentrations of cVMS werkehithan those
found outdoors. A connection between indoor concentrations and building
occupancy was made. This was in agreement with a study of iradoaf
different buildings with different occupant densities which codetl that cVMS,
together with other volatile organic compounds (VOCSs), wereeptas higher
concentrations when there were more occupants per uniftar€here have in
total however been rather few publications or measurement¢M& an indoor

air. Some studies have been conducted for outdoof®air: %2and on the
modelling of the concentration distributions of certain cVM%167 The limited
work on indoor air measurements and modelling of cVMS resultsatharrpoor
knowledge of the individual source strengths for cVMS and the raige
distribution that may now be present in the built environment. ihideor
environment is however the location where concentrations dke dtighest and
where the sources are located — largely and perhaps soletg@odgenic. In terms

of speciation, previous studies have also showadthe most prevalent cVMS
found in samples ranging from personal care and household products to ai

samples of indoor and outdoor &ir’* 77, 80, 81
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Detection and analysis of cVMS in air samples have bgaically made using
gas chromatography — mass spectrometry (GC-MSY: 80. 81. 162 However the
use of this analytical method may be more challenging than expelte to
persistent high background concentrations of cVMS, including integrtd ph
the gas chromatograph that are susceptible to cVMS contaomntiet septa
and capillary columns contain silicone and bleeding of theseesoaray result in
false positives during analysié. The handling of any part of the GC inlet or
column system creates the potential for human contaminalidet septa
contamination is less of an issue in air sample analgsishermal desorption is
the most common inlet when the GC-MS is employed. Cyclignients of
siloxane resulting from column bleed of siloxane based statigolaages can
never be completely eliminated, but have been determinde tonly a minor

source of contaminatiofi.

One of the challenges faced in any sampling strategy taagandoor exposure
is quality assurance and quality control. cVMS are ubiquitous andeasily be
found as background contamination in blank or control samples. In ti®aset
reported by Yucuis et al., glassware used in the anakgssheated up to 450 °C
overnight while other sampling components were rinsed thorougktlyselvents
before use; ENV+ cartridges that were used as sorbents & @Analysis were
also treated with relevant solvents and wrapped in alumiriil before they
were used®. ENV+ is a hyper crosslinked hydroxylated polystyrene-
divinylbenzene copolymer with very high surface area. EN\Wery versatile; it
can retain a broad range of analytes with different glarhe structure for this
highly retentive non-polar SPE phase can be seen in Figuf€®4Shampling was

also carried out in parallel in to ensure repeatabilithefmethod.

Some initial testing also involved the use of ABN sorbentNAB a modified

polystyrene-divinylbenzene polymer that contains both hydrophobic and
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Chapter 4 Introduction to Cyclic Volatile Methyl Siloxanes

hydrophilic groups, hence allowing for the extraction of analytdh wiwide
range of polarity. The sampling and extraction efficiencizdl/+ was compared
with ABN to determine the better sorbent to be used for tladysis of cVMS.
The ABN sorbent used in this work has a particle size of aboutrb@@mpared
to ENV+ which has a particle size of about 90 um. It waket@xplored if the
larger surface area to volume ratio of ABN would resulfihigher extraction
efficiency. The structure of ABN can be seen in Figure'®.2

CH_C
/1‘, v (@) CH. C
OH
\ OH H,
O™ G
-y OH

Figure 4-1. ENV+ polymer.

Polar/hydrophilic groups

Non-palar/hydrophobic groups

Figure 4-2. ABN polymer.
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ENV+ cartridges have been used in some of those studiesvezl/earlier® 81 162

In these studies samples were actively collected with puveps attached to the
cartridges via PTFE tubing and air pulled through the carsidgeing sampling.
Every sample cartridge was accompanied by a blank anbearcsrtridge set up

in parallel to check for and ensure repeatability of ttteaetion method. Prior to
sampling, the cartridges were prepared to reduce the cioatizon of cVMS on
them. Isotope standards3¢-Ds) were used as internal standards and for

calibration. The samples were then eluted using n-hexane.

Prior to extraction, the cartridges were prepared and processestiuce the
contamination of cVMS on them. Isotope standatés-Ds) were used as internal
standards and for calibration. The samples were then elutegnibexane. It was
thought that these procedures used by Kierkegaard and McLd€hleould be

emulated or used as a reference.

4.2 Internship in ACES, Stockholm University

In view of the above mentioned work, further research andsurements for
indoor cVMS was of interest. Indoor air samples could be cellecnd
measurements of the amount of cVMS could be made. An ihiprnsas
arranged with ACES, Stockholm University. The aim of the igieip was to
learn the active sampling method using ENV+ cartridges anddaol@al with the
contamination issues faced when dealing with cVMS given pineiralence in the
surroundings. Tetrakis(trimethylsiloxy)silane (M4Q) was usedthas internal
standard as it is chemically similar to the cVMSmagrest. A structure of M4Q is

shown in Figure 4-3.
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Si

™~
~

Figure 4-3. Structure of M4Q.

A passive sampling method was also developed during the resgariod in
Stockholm, and this method was brought back to York and further studres

conducted.

4.3 Materials

For the work conducted in Stockholm, octamethylcyclotetrasiloxBme(Fluka,
purity >99%), decamethylcyclopentasiloxanes)(XFluka, purity >97%) and
tetrakis(trimethylsiloxy)silane (M4Q) (purity 97%) were phuased from Sigma-
Aldrich Sweden AB, while dodecamethylcyclohexasiloxane) (Bas purchased
from Flurochem Ltd., UK. Dichloromethane (DCM) amuthexane (both
lichrosolv quality) were purchased from Merck (Darmstadtyn@ey). Solid
phase extraction (SPE) cartridges, Isolute ENV+ (hydroxylgielystyrene-
divinylbenzene copolymer) and ABN (modified polystyrene-divinyllesez

polymer) were obtained from Biotage AB (Uppsala, Sweden).

For the work conducted in York, hexamethylcyclotrisiloxane) ((Purity 98%),
octamethylcyclotetrasiloxane {P (purity 98%), decamethylcyclopentasiloxane
(Ds) (purity 97%), dodecamethylcyclohexasiloxanes)({purity 97%) and
tetrakis(trimethylsiloxy)silane (M4Q) (purity 97%) were pumsed from Sigma-
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Aldrich Co. Ltd. Dichloromethane (DCM) amdhexane (both lichrosolv quality)
were purchased from Merck Millipore. Isolute ENV+ (hydroxylatedystyrene-
divinylbenzene copolymer) were obtained from Biotage AB (UppSaleden).

In both York and Stockholm, polyamide fabric (Sefar Nitex P®&) 6was

purchased from Sefar Ltd.

4.4 Instrumentation

All analyses in Stockholm University were performed usagGC-MS with
electron ionisation. The GC (Trace GC Ultra, Thermo tibec Corp.) was
equipped with a large-volume splitless injector with a Mamicroseal septum. 5
puL of sample or standard extract was injected at antamjgemperature of 220 °C.
The analytical column was a 30 m TG-5SILMS (0.25 mm 025 pm film
thickness, Thermo Scientific), with a 5 m retention gadezctivated fused silica
was used (0.32 mm i.d., Agilent Technologies). The cagas was helium
(99.995 %, AGA, Stockholm, Sweden). The oven was programmed t@trun
40 °C for 1.5 minutes, then ramped at 10 °C-htm 150 °C, the ramped at 30 °C
min? to 300 °C and held for 5 minutes. The transfer line was &epb0 °C and
the ion source at 200 °C. The ions monitored wef2207 and 208 for k) m/z
281 and 282 for ) m/z355 and 356 for B m/z429 and 430 for & andm/z281
for M4Q.

The analyses in York were carried out on a GC-TOFMS udaagren ionisation.
The GC (Agilent 7890B) was equipped with a Gerstel septuméasplmg head.

1 uL of the extract was injected at an initial injectanperature of 150 °C,
ramped at 12 °C mihto 220 °C. High purity helium (99.999 %, BIP Air Products,
Keumiee, Belgium) was used as the carrier gas forS&paration was performed
on a BPX5 column (50 m x 0.32 mm x 1.0 um, length x internal etianx film

thickness). The oven was programmed to run at 40 °C for 2 esinihien ramp at
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10 °C mint to 150 °C, then at 20 °C mirto 250 °C and held for 5 minutes. The
ions monitored weren/z 207 for 3, m/z281 for Dy, m/z355 for &, m/z429 for
Ds, andm/z281 for M4Q.

Figure 4-4, Figure 4-5 and Figure 4-6 show the extracted iamatographs for

the analyses carried out in Stockholm and York respectively.

Figure 4-6, in particular, shows the extracted ion chromatcgrainthe exact
masses of the ions, allowing for the unequivocal identificabf the compounds
in this study. A tabulated data of the exact mass extrastedrialysis of cVMS
with TOF/MS is shown in Table 4.2. The actual mass speaftiDz, Ds, Ds, Ds
and M4Q are compared with that of the library as showrigare 4-7 to Figure
4-11.
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Figure 4-4. Extracted ion chromatographs of [, D4, Ds, Ds and M4Q for the analyses carried out in Stockholm.
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Figure 4-5. Extracted ion chromatographs of 3, Ds, Ds, Ds and M4Q for the analyses carried out in York.
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Figure 4-6. Extracted ion chromatographs of [, Ds, Ds, Ds and M4Q at exact masses for the analyses carriedtan York.
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Table 4.2. Exact mass extracted ion analysis of cVMand internal standard M4Q with TOF/MS.

Instrumentation

) ) B ) Mass error
Extracted | Extracted ion|  Theoretical Empirical exact| Difference
Compounds , [M; — Me|/M; * 10°
ion (m/z) formula exact mass (M mass (M)* [Mi — Me|
(ppm)
Hexamethylcyclotrisiloxane, D 207 CsH1503Sks" 207.0329 207.0095 0.0234 113
Octamethylcyclotetrasiloxane D 281 GH210.Sin* 281.0517 281.0250 0.0267 95
Decamethylcyclopentasiloxanes D 355 CoH270sSis" 355.0705 355.0415 0.029 82
Dodecamethylcyclohexasiloxanes D 429 G1H3306Sis" 429.0893 429.0568 0.0325 76
Tetrakis(trimethylsiloxy)silane, M4Q 281 C7H2104Si* 281.0517 281.0247 0.027 96

*Empirical exact mass based on analysis of 40 gofdsrd.
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Figure 4-7. Mass spectra of B(a) from 40 ppb standard and (b) from NIST MS
library.
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Figure 4-9. Mass spectra of B(a) from 40 ppb standard and (b) from NIST MS
library.
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library.
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4.5 Sorbents and cartridges for cVMS analysis

Two different types of sorbents, ENV+ and ABN, were prepardabtpacked into
1 mL cartridges prior to active sampling with pumps. Emptyll cartridges
(ISOLUTE Empty Reservoirs) and the respective frits wpoechased from
Biotage (Figure 4-12).

Figure 4-12. Cartridges and frits from Biotage.

The ENV+ sorbent was washed with hexane and dried wigrdd N (Figure
4-13).

106



Chapter 4 Sorbents and cartridges for cVMS analysis

Figure 4-13. (a) ENV+ sorbent washed by hexane. (ENV+ sorbent dried with
filtered No.

Dried ENV+ sorbent (10 — 15 mg) was weighed into a 1 mL daerand another
frit was placed on top (Figure 4-14).
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Figure 4-14. (a) & (b) Weighing of ENV+ sorbent inb cartridges. (c) Top frit placed
into cartridge, to be pushed in with a glass pipeé.

Figure 4-15. A ready 1 mL cartridge filled with 10— 15 mg of ENV+ sorbent.

The preparation of ABN sorbent is different from ENV+ sorberdabse it is
difficult to handle when dried. It was added wet (in meato 1 mL cartridges
directly to about the height of the prepared ENV+ cartridgestit was then
added on top, before filterec Mias connected to dry it (Figure 4-16).
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Figure 4-16. (a) Wet ABN added directly into 1 mL artridges. (b) ABN dried with
filtered No.

The remaining washed and dried ENV+ sorbent was kept in al26antridge
with cap and lid. The filled cartridges were kept wrappedluminium foil, in a
sealed bag.

Before the filled cartridges were used for sampling, tiveye washed with 5 mL
of hexane followed by 5 mL of DCM.

4.6 Active sampling

Before the filled 1 mL cartridges were used for samplingy were washed with
5 mL hexane, followed by 5 mL DCM.

Active sampling was carried out in the laboratory. 1 ENVrtrichge and 1 ABN
cartridge were used as blanks and were placed on the bendmntiper ENV+

cartridge and ABN cartridge was connected to pumps. The edticnmeading on
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the pumps was noted at the start of the sampling and at treoehd amount of
air sampled can be calculated. The start and end timelsa noted to record the
duration of sampling. M4Q was used as the internal standanblametric
standard. M4Q was diluted to about 2 nguDuring elution, 20 pL of M4Q was
spiked onto the top of the frits for the 4 cartridges (1 ABadhk] 1 ENV+ blank,
1 ABN sample, 1 ENV+ sample).

After sampling overnight, cartridges were collected and ichately prepared for
analysis. They were eluted with 0.6 mL of DCM into a dé&l.\t was observed
that ENV+ cartridges eluted faster. The GC vials w#ren covered with
aluminium foil and then with a cap without the PTFE septdnvi4Q reference
(20 uL of M4Q + 0.6 mL DCM) was prepared as well. All repared GC vials

were then sent to the GC-MS for analysis.

450 -+
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230 1 CIENV+
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Figure 4-17. Ratios of the relative areas of the agpounds to their respective blanks

for active sampling using ABN and ENV+ sorbents.

The relative areas were calculated by dividing the resge@C peak areas of the

compounds by the GC peak area of the M4Q internal standardafibe of the
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relative areas of the compounds to the blanks were derived aettedplFrom the
results obtained (Figure 4-17), it seemed that ENV+ \asbetter sorbent of

choice for the analysis of cVMS.

4.7 Passive sampling

Whilst active sampling has been shown to be successfulaildss appropriate
method to deploy in large numbers of homes, due to cost angidre intrusive
nature of the sampler. This study investigates the roledssiye sampling as a
means to access a wider measurement base within domesgs haoh in indoor
environments more generally. Passive sampling is potentiadhg cost efficient,
does not require electricity and is silent. It provides timeraged sampling
which in turn gives a reasonable averaged overview of the coatiens in a
given indoor environment. This work reports the development of avpassi
sampling method for the measurement of cVMS levels in indaowigh good
blank values and appropriate limits of detection for assessim domestic
settings. The passive sampling method was calibrated agaitigé sampling
running in parallel over the period of the exposure of the massinplers. The

active method was identical to the one used by Kierkegaartflabachlan'6?

4.7.1 Passive sampling with sorbents in cartridges

It was proposed that passive sampling be carried out usitrgigas without the
top frit, thereby exposing the sorbents in the cartridges to oper darger
cartridge was used for the passive sampling so as toahavger exposed surface
area. 30 mg of ENV+ sorbent was weighed and placed in @arttidges. ABN
of about the same height was also pipetted into 6 mL cargtidgsother set of
cartridges containing the different sorbents (1 ENV+ and 1 JABithout the top

frit was also prepared and used as blanks.
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Figure 4-18. Ratios of the relative areas of the agpounds to their respective blanks
for passive sampling using exposed ABN and ENV+ doents.

It is observed that the sample relative areas are goifisantly higher than that
of their blanks (Figure 4-18). The ratios ranged from about 166téor ABN and
1.2 to 3.5 for ENV+. Another passive sampling method wagfter explored.

4.7.2 Passive sampling using sorbents packed in bags

It was proposed that sorbents be packed in polyamide (PA 6.6 fihoment
Yarns, Monosuisse AG) bags as means for passive samplkagsRif nylon were
cut out and heat-sealed to create a bag to hold the sorbeatpoiinsize of the
bags (about 5@m) were too big for ABN sorbents, hence only ENV+ sorbents

were tested for this passive sampling method.

2 nylons bags were filled with 30 mg of ENV+ sorbent and hookeal antaper
clip. These bags were then hung on a cupboard in the labomteright.

Additionally, 2 blanks were prepared: 1 blank consisted of anyenybdn bag in
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a sealed tube, and the other blank consisted of a nylon bag with 80 ENyV+
sorbent in a sealed tube.

After about 16 hours of sampling (overnight), the nylon bags weltected and
immediately prepared for analysis. They were placetulres and sealed with
aluminium foil and a cap. It was shaken manually with DfoMabout 1 minute.
The DCM extract was then pipetted out into a GC vial and 30ful44Q was

added. The samples were sent to the GC-MS for analysis.

E ENV+ Sampler 1

M ENV+ Sampler 2

Relative areas of Sample/Blank
N
(6,
1

Figure 4-19. Ratios of the relative areas of the oagpounds to their respective blanks

for ENV+ sorbents in passive sampling bags.

From the results obtained (Figure 4-19), it was observedhbaiampling process
was somewhat repeatable with good agreement of the twivelgssampled bags.
However from the areas of the peaks from the chromatograplasi observed
that blank ENV+ had high levels of cVMS. There may be soamamination in

the ENV+ sorbents, and hence resulting in the low ratios aierv
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4.7.3 Cleaning of passive sampling bags

The nylon bags were soaked in DCM and sonicated. After aoonc they were
dried with filtered N. One of these cleaned bags was put into a vial and shaken
manually with 1 mL of DCM for 1 minute. The DCM extract svpipetted out

into a GC vial and sent for analysis.
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Figure 4-20. Comparison of cVMS levels in passivaspling bags before and after
cleaning.

As seen from Figure 4-20, the levels of &d Oy were significantly lower after
washing, thus it was noted that the bags should be washed lmfgrkng.

4.7.4 Positioning of sampling bags

Similar to the preparation before, 2 nylon bags weredillvith 30 mg of ENV+
and hooked on a paper clip. One of the bags was hooked on the d,phioié
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the other was placed on the fumehood sash such that it reseived“draft” due
to the airflow into the fumehood. Additionally, 2 blanks were pregpal blank
consisted of an empty nylon bag in a sealed tube, andhbeldank consisted of

a nylon bag with 30 mg of ENV+ sorbent in a sealed tube.

After about 16 hours of sampling (overnight), the nylon bags weltected and
immediately prepared for analysis. They were placetubes with DCM and
sealed with aluminium foil and a cap. It was sonicate268€ for 5 minutes. 30
pL of M4Q was added to each tube and the tubes were vdri¢ke DCM +

M4Q extract was then pipetted out into a GC vial. The samyses analysed by
GC-MS.

14 -

Sample without
draft

12 -

R S

1 Sample with draft

Relative areas of Sample / Blank

Figure 4-21. Ratios of the relative areas of the ogpounds to their respective blanks

for passive sampling bags placed in still and dragtlocations.

It was observed that some air movement might increaseffibency of a passive

sampling method (Figure 4-21).
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4.7.5 Exploring different packaging of passive samplers

Various tests with different passive sampling bag desigms waaried out to find
the most efficient bag design. Tests were carried olit bégs loosely packed and
tightly packed with ENV+ sorbent.

The bags were threaded with a string before they are plarceal hook. This
allowed the bags to move more freely and move around moreslhe@ed that
an increase in the movement of the bags would resuli ietter sampling

efficiency.

3 bags were prepared as in previous samplings. The first daglout 2 x 2 cm
in size. One bag was made slimmer about 2 x 1 cm aed fiith 30 mg ENV+

sorbent. Another bag was made even thinner about 2 x 0.5 cnilladdvith 20

mg ENV+ sorbent (see Figure 4-22).

Figure 4-22. (a) Nylon bags with 30 mg ENV+ sorbergrepared. (b) Slimmer bags
with 30 mg ENV+ sorbent. (c) Even thinner bags witlf20 mg ENV+ sorbent.

2 blanks were prepared: 1 blank consisted of an empty nylon baspaieal tube,
and the other blank consisted of a nylon bag with 30 mg of EBA/fbent in a
sealed tube.
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After about 16 hours of sampling (overnight), the nylon bags wetected and
immediately prepared for analysis. They were placetubes with DCM and
sealed with aluminium foil and a cap. It was sonicate2batC for 5 minutes. 30
pL of M4Q was added to each tube and the tubes were vdri¢ke DCM +

M4Q extract was then pipetted out into a GC vial. The sanvpdes sent to the
GC-MS for analysis.

25 ~

N
o

®2x2cm bag

[y
(6]

M2 x1cm bag

92 x 0.5 cm bag

Juny
o

Relative areas of Sample / Blank

v

Figure 4-23. Ratios of the relative areas of the agpounds to their respective blanks
for passive sampling bags of different sizes.

From Figure 4-23, it was observed that bag designs that tigeitly packed with
sorbent resulted in a lower absorption efficiency compared to thelyopscked.
It could be inferred that this may be due to the sloveate of transfer of
compounds from the exposed sorbent on the surface of the bag to xpeastk
sorbents inside the bag. Further tests were to be cawuieoh the designs of the

bags.
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In the next set of samples, the bags were made of a slidesign but with some
space so that ENV+ sorbents were still loosely packedHigeee 4-24). In order
to increase the surface area of sorbents exposed and vedfshg the sorbents
loosely packed, compartmentalised bags were made. Nylon Wwé#bs 3
compartments were filled with 10 mg of ENV+ sorbent in eamhponent, giving
a total mass of 30 mg for each passive sampler. Theeegity of this design was

compared to a non-compartmentalised bag containing 30 mg of Ebent.

(@) (b)

Figure 4-24. (a) Non-compartmentalised sampling bagdesign.
(b) Compartmentalised passive sampling bags desiga spread out sorbents in bag.

After about 16 hours of sampling in the shower room (overnigtg)nylon bags
were collected and immediately prepared for analysis. Weeg placed in tubes
with DCM and sealed with aluminium foil and a cap. It wasicated at 25 °C for
5 minutes. 30 pL of M4Q was added to each tube and the tulbesvartexed.

The DCM + M4Q extract was then pipetted out into a GC Viaé samples were
sent to the GC-MS for analysis.
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Figure 4-25. Ratios of the relative areas of the ogpounds to their respective blanks

for non-compartmentalised and compartmentalised pasve sampling bags.

The results showed that compartmentalising the bags incréaseadficiency of
the sampling process (Figure 4-25). As opposed to a tightly gdukg as seen

previously, a loosely packed bag seemed to allow for a Isettepling efficiency.
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Tests were carried out to test if having more compartm@ritgire 4-26 and
Figure 4-27) would increase the sampling efficiency.

(

&

(b)

Figure 4-26. (a) Compartmentalised passive samplinlgags design. (b) More
compartmentalised passive sampling bags design.

Figure 4-27. Bags with different number of compartnents, both containing 30 mg of
ENV+ sorbent each.

After about 64 hours of sampling in the shower room (over the wdgktre
nylon bags were collected and immediately prepared for analisey were
placed in tubes with DCM and sealed with aluminium foil andap. It was
sonicated at 25 °C for 5 minutes. 30 pL of M4Q was added totebehand the
tubes were vortexed. The DCM + M4Q extract was then pipetiednto a GC
vial. The samples were sent to the GC-MS for analysis.
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Figure 4-28. Ratios of the relative areas of the agpounds to their respective blanks

for passive sampling bags with big and small compénents.

As seen from Figure 4-28, having smaller compartmentsiegdo better the
efficiency of the sorbent. It was decided that the finaigieused for calibration
with active sampling in the next set of experiments would Bas@mpartments (a

balance between having good efficiency and ease of preparibgdbe

For the passive sampling suited to our purposes, an accumujzds&ve
sampling method would be preferred to obtain a good average téwvtis of
cVMS in indoor environments. Factors affecting an accumulatigsiy@sampler
would be turbulence (i.e. wind or draft), surface area obtitbent exposed, mass
of sorbent used and time. The design of the passive samplergmtockccount
these factors to best suit our purpose and aim for indoor sampling peeiod of,
for instance, a week. By putting the sorbents into a nylon bdgwered the
impact of turbulence on the sampling process as any drdieiwitinity of the

bags would not be directly in contact with the sorbents; these“®@ishioning
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Chapter 4 Calibration of passive sampling method

effect” from the layer of nylon holding the sorbents. The sejparaf the bags
into different components helped to spread out the sorbetitsuvicausing it to
be too packed together, allowing for an increase in surfa@e &fe mass of
sorbents used was kept constant and was estimated to be sufiiciallow a
linear calibration curve when calibrated against activepsiag over a period of
10 days.

4.8 Calibration of passive sampling method

Chemicals are taken up in a passive sampler by diffusozn &mbient air to the
passive sampling medium. This process follows the model asnshowigure
4-29170

Kinetic Intermediate Equilibrium
region region region

f_AW % - A ~

A

Analyte mass uptake

v

Time
Figure 4-29. Passive sampling model.

A calibration study is necessary to be able to calcufeeconcentrations in air
based on the amount of a chemical that is observed usingasss/@ sampling
method. There are three difference phases in the passidirsga model. When
the passive sampler is first placed in the sampling mediuemng tis a linear
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accumulation phase. This will be followed by a non-linear irsgeand finally
reaching equilibrium, defined by the partition coefficienttogé analyte’® 170
With the calibration study, the duration of the linear phase the passive

sampling rate within this phase can be determined.

Passive sampling bags were prepared. Nylons bags with Bacnents were
filled with 10 mg of ENV+ in each component, giving a tatass of 30 mg for
each passive sampler. A seven-point calibration was toalied out, hence
seven sets of passive samplers, consisting of 1 blank aathg@lers in each set,
were prepared. Blanks were placed in tubes covered withidum foil and
capped.

The passive samplers were calibrated against activplisgmusing ENV+ in 1
mL cartridges, using the method established by KierkegaatdvizLachlant®2
Seven sets of passive samplers, consisting of 1 blank aath#ess in each set,
were prepared. Blanks were placed in tubes covered wWithirdum foil and
capped. Similarly, seven sets of active samplers (15ENY+ cartridges),
consisting of 1 blank and 2 samplers in each set, wereangepBefore the
cartridges were used, they were washed with 5 mL hefalmeved by 5 mL
DCM. Blanks were capped on both ends of the cartridges anppedain

aluminium foil.

At the start of the sampling, all the passive samplen® threaded on a string and
hung on a paper clip, and all the blanks for the passive sampte kept in
sealed tubes near the passive samplers (Figure 4-30)bldiks of the active
sampling were attached to the pump for a few seconds befgrevére capped
and wrapped in foil (Figure 4-31a). Two ENV+ cartridgegsevased in parallel
for duplicate sampling (Figure 4-31b). The active samplelgup is shown in
Figure 4-32.
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Figure 4-30. (a) Blanks for passive sampling. (b)asive samplers hung on a paper
clip.

Figure 4-31. (a) Capped cartridge as blank for actie sampling. (b) Two cartridges

attached to pumps in parallel for active sampling.
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Figure 4-32. Active sampling set-up with pumps andolumetric flow meter.

At the end of each sampling period, the passive samplers wollected and
immediately prepared for analysis. They were placed intoba and sonicated
with 1 mL of DCM at 25 °C for 5 minutes. 30 pL of M4Q wasritadded to each
of the tubes before the extract was pipetted out into GG. vike active samplers
were eluted with 1 mL DCM, and 30 pL of M4Q was added pasdiesl. Before

GC-MS analysis the extract from the active samplers dueed with another 1
mL or 2 mL of DCM as appropriate.
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Figure 4-33. Analyte cVMS collected as a functionfgassive sampler deployment

time.

Calibration curves were plotted as the relative peaksanédhe analytes in the
passive sampler divided by the relative areas peofrthe respective analytes in
air (active sampler) against the time of deployment (Fig3). Results for
blank samples extracted at the start of the experimerdedivby the average
concentration in air for the whole period was included in the edidor plot at

time zero.
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Based on the results from the calibration curves, the uptfakehe cVMS were
considered to be relatively linear throughout the samplingg@ef about 10 days.
The passive sampling rate as seen from the slopessef thieve ranged from 0.20
to 0.28 miof air per sampler per day. After 10 days of deployment, wbrike

cVMS had reached equilibrium with the passive sampler.

4.9 Storage of passive samplers in glass vials

In the transport of the passive samplers to the sampliagidm and their return to
the laboratory to be analysed, these samplers have topbesdaded to prevent
contamination. One idea was to keep the sampler in a glasgtpched to the cap

via a string, such that it would be easy to handle withmuthing it before and

after sampling (Figure 4-34).

Figure 4-34. (a) Vial with passive sampler attachetb the cap with a string and tape.
(b) Closed vial during storage and/or transport. (§ Passive samplers attached to the
cap of the vial. Vial cap has an adhesive so it cdre stuck onto any surface for

sampling.
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Chapter 4 Storage of passive samplers in glass vials

Six passive samplers were prepared and sampled over 2Qfay/svas analysed
immediately while the other five were stored in the vial %, 2, 3, 4 and 7 days

respectively before they were analysed.

180% -
160% -

140% - D3

mD4
D5

120% -

0,
100% P % D6

80% - y=0.072x + 1.1
R? = 0.61
60% - y=0.10x + 0.99
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40% -

Percentage recovery of compounds
X

20% - y= -0.011x + 1.2
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Figure 4-35. Percentage recovery of cVMS over théogsage period.

As seen from Figure 4-35, the storage experiments show mialy shanges in the
concentrations of Pand Oy with increased storage time in the glass vials.
However, concentrations ofsand D, increased at an average rate of 7 % and 10 %
per day respectively. At the 95 % confidence level, tlerage experiment
showed no significant change in levels aof(p = 0.067), B (p = 0.79) and B(p

= 0.78). Earlier studies have shown thatay degrade to pPand 3 on the
ENV+ resin in cartridges when stored at -18 Y& However in this storage
experiment, the increase i Bnd 3 did not correlate to any decreases # In

addition, the amount of present was calculated to be only about 4 times more
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than D. If the 10 % gain in PWwas due to degradation froms,Dhe percentage

decrease in Blevels should be at least 2 % which was not the casesistudy.

4.10 Blank levels and LOD values

The limits of detection (LOD) were calculated as therage level in the blanks
plus three times the standard deviation of the blanks (HaB)e The LOD values
ranged from 16.7 to 33.1 ng per sampler. LODs for cVMS ongaper m basis
were calculated with the experimentally determined passampling rates and a

sampling time of 10 days. LODs ranged from 7.2 to 16.8 ngnfer

Table 4.3. LOD values of passive sampler.

D4 Ds Ds
LOD (ng per sampler) 19.8 33.1 16.7
LOD (ng m) 7.2 16.8 7.2

It was noted that the blank levels are relatively higt further improvements in
the preparation methods of the passive samplers could potefdiaér the blank
levels further. For this method to be suitable for quantgatetermination of
cVMS in locations where concentrations are low, lowering blank saklik be
essential. For instance, pre-cleaning of the sorbentshegeith the bag after the
heat-sealing step might be an important step to remove esowt cVMS
contamination during the heat-sealing process. Over a peridd afays, the
passive uptake of cVMS appeared to remain linear however rlarajeration
studies would be necessary to establish the maximum lineae gha cVMS

uptake by this passive sampling method.
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4.11 Real indoor air sampling in homes

To validate the passive sampling method that has beatoged, real indoor air
sampling was carried out in homes of people in York. The #&ithi® work is to
understand the ranges in the concentrations of cVMS detattéie indoor
environment. Participants were provided with an information shegta consent
form (see Appendix B) to be signed. The responses of particypyanésto remain

confidential and anonymous.

Participants for the indoor air sampling were given a botitgaining a sampling
bag filled with ENV+ sorbents (Figure 4-36). The samplingsbagre removed
from the vial and hung at home for 48 hours (2 days). Aftesainepling period,

the sampling bags were put back into the vials and retdioneshalysis. Care was

taken not to touch the sampling bags at any point.

o

\\
-
. !

o

—
Figure 4-36. Passive sampling bag in a sealed vial.
4.11.1 Calibration

Calibration standards were ran fors,DDs, Ds and 3 on the GC-TOFMS
instrument. The Rvalues from the calibration curves for the compounds were
acceptable at about 0.97 to 0.98 (Figure 4-37).
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Figure 4-37. Calibration standards ran for Dy, Ds, Ds and Ds.

4.11.2 Results from real indoor air analysis of cVMS

The sampling bags were analysed immediately upon returtheofbags. As
previously, the bags were extracted with 1 mL of DCMthwad0 pL of M4Q
added to the vial before pipetting out to a GC vial for asislgy GC-TOFMS. In

order to minimise contamination of the samples with cVM$terials and
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personal care products that contain cVMS were avoided during thplesam

preparation, handling, extraction, and analysis procedures.

Table 4.4 shows the results obtained for the analysis of cuMismes. All
concentrations are corrected for blanks by subtracting the abswlatenbof each

individual cVMS from their amounts in the sample.

Concentrations of §) D4, Ds and @ were calculated based on their sampling rates
of 0.26, 0.28, 0.20, 0.23%per sampler per day respectively (Figure 4-33).
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Real indoor air sampling in homes

Table 4.4. Concentrations of B, D4, Ds and Ds in York homes.

Homes Concentration (ng )

D3 D4 Ds De
01 97.1 232 5230 2280
02 N.D. 335 5270 3680
03 73.8 281 235 652
04 63.4 144 147 279
05 15.9 63.7 796 486
06 31.9 N.D. 5230 603
07 173 85.9 4900 N.D.
08 42.5 N.D. 5620 289
09 N.D. N.D. 388 N.D.
10 N.D. N.D. 109 N.D.
11 N.D. 48.2 6050 468
12 233 N.D. 150 N.D.
13 N.D. N.D. N.D. N.D.
14 N.D. N.D. 521 N.D.
15 99.3 168 2620 382
16 N.D. N.D. 116 N.D.
17 19.1 N.D. 196 N.D.
18 16.0 265 3580 287
19 193 101 6030 2730
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The limits of detection (LOD) were calculated as tkierage level in the blanks
plus three times the standard deviation of the blanks. THe &ues ranged
from 0.545 to 74.0 ng per sampler depending on the congeners E®RVMS

on an ng per fbasis were calculated with the experimentally detegchpassive
sampling rates and a sampling time of 2 days. LODs rafigad1.38 to 159 ng
per n¥ depending on the congener (Table 4.5). The previously establisbBd L
values (Table 4.3) for Pand Iy were lower by about 3 and 22 times respectively.
Conversely for b, the previously established LOD value was about 12 times
higher. The difference in the blank levels and hence the L&les were likely

due to the different instrumental systems, solvents, apparaduseaup used.

Table 4.5. LOD values for cVMS analysis.

Ds D4 Ds Ds
LOD (ng per sampler) | 6.19 12.0 0.545 74.0
LOD (ng m3) 11.9 21.8 1.38 159
1/2 LOD (ng nmd)* 5.96 10.9 0.691 79.4

Table 4.6. Mininum, maximum and average concentratins of cVMS in homes.

Concentration (ng m?)

D3 D Ds De
Min ND ND ND ND
Max 233 274 6050 3680
Average* 57.7+16 79.6 +21.2 | 2480+579 664 +233

*in the calculation of averages, the N.D. are taken td/Bethe LOD. The N.D.
values will lie somewhere in between the LOD value armsbQl/2 LOD value is

taken to be the average value for N.D. situations.
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Figure 4-38. Box and whiskers diagram showing the edian and interquartile range
of the concentration of cVMS in samples of homes afysed.

The concentrations of individual cVMS ranged from below detedimits for all
the compounds to as high as 6050 ngfor Ds (Table 4.6). In most of the homes,
Ds was the most abundant cVMS, followed by. Dhis was expected ass @nd

De (with Ds being the most) are widely used in consumer prodtcts

A direct analysis method of cVMS using atmospheric pressurenichke
ionisation-tandem mass spectrometry (APCI-MS/MS) has besported
previously'’2 This method will not face the contamination problems assatia
with the use of GC, i.e. septum contamination and thermabxadative
degradation of the polysiloxane-based stationary phases of theo®@n.
However, the LOD reported for this method of analysis igy6m® and 4 pug ni

for Da and I respectivelyt’?> which are values higher than the typical ambient air
concentrationg* 75162 171 The direct analysis method was used for the analysis of
landfill biogas samples, with mean concentrations pabd 3 determined to be
257 — 7850 pug mand 16.5 — 107 pg Arespectively.
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Companioni-Damas et al. detected & the most abundant methyl siloxane in
indoor air, with average concentrations ranging from 1700 — 293000°nggimg
Isolute ENV+ sorbent as the sorbent for active sampling, cadbiwith
concurrent solvent recondensation — large volume injection — gas atognaphy

— mass spectrometry (CSR-LVI-GC-M%) CSR-LVI technique was applied to
increase the sensitivity of the method and avoid concentrptaredures of the
sample to minimise loss of smaller mass compounds via veddidn. With this
method of analysis, LOD values of as low as 0.08 — 0.15hgene achieved for
D3 — Ds 76

There have been analyses of indoor concentrations of cVMS usiing a
sampling methods. In a study conducted by Pieri €f4lit was found that the
most abundant chemical in almost all the homes samples irmhdlYJK was [3;
average b concentrations were 38 — 170 ug im Italy, and 45 — 150 pg #in
UK. Their indoor air sampling employed is an active sampiireghod involving
the use of sorbent tubes and air-pump to draw air through theisgndbes.
These concentrations were about 1 — 2 orders of magnitude higireint this
work. In another study conducted by Yucuis et*glDs was also the dominant
cVMS found in an indoor environment. Indoor air samples were tetlein
laboratories and offices at the University of lowa, USAthviDs concentrations
ranging from 0.97 — 56 pgfThe sampling means employed was also an active
sampling method, involving the use of a diaphragm pump to dmathraugh
sorbent-contained cartridges. Tran et al. carried ousdh&pling of indoor air in
various locations in New York, USA, using polyurethane foam (PplEgs
packed in a glass tube and collection of indoor air sampleshyeadow-volume
air samplef”3. Similar to previous studies,sivas found to be the most abundant
in the indoor air samples, with an average concentrati@6®fng n¥ in homes
173 The ranges in the concentrations measured reflectedidieevariations of B

concentrations in the indoor environment which could be affecteddigré such
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as occupancy, period of sampling, location of sampling, amounttygued of
consumer products used. In a study by Tang et al., it wasl stedt emissions of
cVMS occurred as a “burst” source with the entrance of anp@nt®. It was
suggested that while the amount and types of products usediyyants affected
the variability in the concentration of cVMS detected, enhdmrrissions might
be due to wearing of outer layers of clothing that were reshavhen indoors,

resulting in the burst of emissiofis

There have been passive sampling techniques applied fanalysia of cVMS in
outdoor environments. Krogseth et al. reports the calibration plcc@ion of
using a polystyrene-divinylbenzene copolymeric resin (XAD) awlaesit for the
passive sampling and analysis of cVMS The sampling rates reported were
between 0.4 — 0.5 fiper day, which were about 2 times higher than the passive
samplers developed here. Samplings were conducted outdoorsainareas,
urban region and at sewage treatment plants. The cVMS corimargran rural
areas were found to be below LOD fos, D4, Ds and I (LOD values of 22.5,
10.7, 25.0 and 21.7 ngtwrespectively); in urban sites, the average conceomtisti

of D4 and B were about 41 ng thand 122 ng mrespectively.

Another passive sampling method uses sorbent-impregnated polyuré&aame
(SIP) disks. These SIP disks are PUF disks impregnatedXdh resin. In the
studies involving the use of SIP disks, the sampling rates sgported to be 3.1 —
3.7 n¥ per day'’4 4.1 — 5.7 i per day’® and about 6.5 fper day’’. These
sampling rates were more than 1 order of magnitude higherthlameported in
this work. The samplings were conducted at a semiurban’@ratwastewater
treatment plants and landfité% and in urban, background and Arctic siteDs
was found to be the most abundant cVMS with average concentrafiam®ut
140 ng n? at the semiurban site, and 812 — 5380 nganwastewater treatment
plants. In the study by Genualdi et als @bminated the levels of cVMS in the
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urban sites at concentrations ranging from 55 — 280 Agwhereas Pand D
dominated the background and Arctic sites with concentrationsngarfgpm

below detection limit to 44 ng #Y”.

Concentrations of cVMS outdoors are influenced by meteorologmaditions
such as wind speed and direction, ambient temperatuttee ktudy by Lutz et al.,
it was found that while there was no significant relatignsihetween
concentrations and precipitation or relative humidity, wind dwecand wind
speed were significant factors affecting the concentratnogssured in air; high
concentrations were observed to be correlated to a wind froentain direction,

indicating a higher level a contamination in air from urbaniaddstrial area$’.

The concentrations of the indoor homes detected in this study elate/aly
higher than that of outdoors at semiurban and urban siteswak in accordance

to the expectation of higher indoor air concentrations of cVMSusecaf the
prevalence of consumer products predominantly containing cVMS amd the

accumulation in indoor areas.

Table 4.7 shows the tabulated mean cVMS concentrations of d&mtiomed

studies.
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Table 4.7. List of cVMS concentrations at variousdcations with different sampling and analysis methas.

Mean concentrations (ng )

Location Ds D4 Ds Ds Method Reference
_ 257000 - | 16500 — )
Landfill - - Direct APCI-MS/MS 172
7850000 107000
Active sampling with ENV+ SPE
Urban outdoor 2.2-5.0 73-76 375-439 | 45-60 _ i
cartridges; CSR-LVI-GC-MS
Indoor (offices 1700 — Active sampling with ENV+ SPE
48 — 170 226 — 3050 156 — 84600 ) 76
and homes) 293000 cartridges; CSR-LVI-GC-MS
Indoor (homes, 3500 — 8000 — 38000 — 1000 — Active sampling with sorbent tubes; TD- 164
Italy) 69000 42000 170000 45000 GC-MS
Indoor (homes, 1200 — 1900 — 45000 — 5400 — Active sampling with sorbent tubes; TD- 164
UK) 160000 68000 150000 26000 GC-MS
Indoor (offices Active sampling with ENV+ SPE
_ - 23 - 500 970 — 56000 nd — 2800 ) e
and laboratories) cartridges; GC-MS
Active sampling with PUF plugs packed in
Indoor (homes) 21.6 50.9 263 50.9 173

glass tubes; GC-MS
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Chapter 4 Real indoor air sampling in homes
nd (below nd (below | Passive sampling with XAD in mesh
Urban outdoor 41 +£12 122 + 39 _ 8
LOD) LOD) cylinders; GC-MS
Wastewater Passive sampling with SIP (XAD-PUF)
2.19-268 | 241-2060 812-5380 32-253 174
treatment plants disks; GC-MS
Semiurban Passive sampling with SIP (XAD-PUF)
1.4+0.7 21+8.3 140 + 24 11+3.3 (&
outdoors disks; GC-MS
Passive sampling with SIP (XAD-PUF)
Urban outdoors 0.65 - 30 5.4-50 55 — 280 4.0-53 "
disks; GC-MS
Background Passive sampling with SIP (XAD-PUF)
nd - 117 nd — 45 nd — 96 nd -12 ”
outdoors and artic disks; GC-MS
) Passive sampling bags containing ENV+
This study 57.7+16 79.6 £21.2 24801579 66882 -

sorbents
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4.12 Conclusion

The development of this simple passive sampling method for nhlysés of
indoor cVMS allows for the simple, low cost and non-intrusiveectibn of a
large number of samples from indoor environments such as horo#iges. The
method achieved acceptable degrees of reproducibility andigignsind offers a
route to the quantification of cVMS in the built environmentwadi as a means to

assess a variety of possible emissions and impacts focengbounds.

Further work could be done with these passive samplers. @mrestudies could

be conducted. For instance, the relationships between occupamty a
concentration of cVMS observed, or the amount of time spent a¢ lamah the
concentration of cVMS observed could be studied. In addition, sotiriteigon
studies could also be carried out. Details, such as the tfppsrsonal care
products and consumer products used and their frequency of usagg duri
sampling, have to be collected for source attribution stuSi@siplers could also
be placed in different locations in the homes i.e. bathroonheki, women’s
bedroom, men’s bedroom, to see if there are any interestingvabises of

cVMS concentrations that may be room / activity dependent.
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5.1 Introduction

This chapter describes the work that has been carried ithutregards to the

development of a gas chromatography lab-on-a-chip (GC-LOC)isens

The current laboratory set-up for the detection and analysSi#O@fs includes a
thermal desorption unit, followed by the commonly used GC and taetec
method, such as the flame ionisation detector (FID) or rspastrometer (MS).
These laboratory instruments are standard measurement techthiquidsave
proved to be efficient, straightforward and accurate forathalysis of VOCs.
However, the size, mass and power requirements of thesettalgarestruments
render them unsuitable for use out of the laboratory. Henae, itha need for the
development of a portable device that provides reliable infoomdtir the field

measurements of a range of different VOCs.

The development of the portable in this work is essentialldemsp of a few
components: i) a thermal desorption method for the pre-concentcdtéoralytes,
i) a column for the separation of different compounds in a nextur) a
temperature control (heating and cooling) means for the effestiparation of
compounds in the column, and finally iv) a detector. Figure 5-1 shaw
schematic outline of the proposed work for the sensor developmestcHdgpter
will describe in more detail on the temperature control metimodtlae detector

used in the development of a portable sensor.
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Air

‘(\IH\/\/\

Data system

Figure 5-1. Schematic diagram for sensor developmen

5.2 Heating and cooling of the GC column

One important factor for an effective GC separation isuttitorm heating of the

GC column and the ability to increase this temperaturerlinéa elute higher
boiling compounds sequentially. The heating of GC columns by conventional
means is primarily based on the turbulent fan oven, which éxegllent means to
achieve even heating of the column. However the sizeaf svens renders this a
difficult technigue to use in remote locations for field gs&l in environmental
research. In addition, the power consumption is high and of the afrde5 kW

for a typical 10°C min? heating rate.

The fabrication of a GC-LOC is likely to be of a flabdaplanar structure,
allowing a structural geometry that is much easier to ts@g planar devices,
such as a Peltier device (Figure 5-2) which could be plandtie surface of the

fabricated chip. The Peltier device is small, light amekpensive, and hence is a
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practical means as a temperature control method for théogevent of a portable
sensor. One with the dimensions of 40 x 40 x 3.45 mm (length x witilckness)

was purchased for our purpose.

Figure 5-2. Peltier device.

When a voltage is applied and current flows through the junctiotisedPeltier
device, one side of the Peltier device loses heat \lglether side absorbs heat.
When the polarity of the voltage is switched, the heatimbaoling effect of the
Peltier device is switched to the other side as wek fidat generated has to be
removed with a heatsink and a fan. Figure 5-3 shows an éxavhow the
Peltier device can be placed together with a heatsinkaafash. The operating
temperature of this Peltier device can go as low as -4Bié@ce, an advantage of
using the Peltier device is that it allows the startargperature to be below room
temperature, allowing the improved separation of volati®Cg without the need
for cryogenic cooling as used in standard GC ovens. To mhmidcemperature
control in existing GC ovens, it is essential that the teatpee gradients and set
points of the Peltier device can be manipulated to allow nharardrol of the

device.
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— Alnlll’

y
N

Figure 5-3. A Peltier device with a heatsink and &n.

5.2.1 Temperature control of the Peltier device

A program is designed using LABVIEW to control the tempemti.e. the set
points and gradients, of a Peltier device. A block diagranagung the code for
this temperature control can be found in Appendix C. It was awtinthat a
functional working range of temperature should be from 10 °C to 10@A&h

broadly mimics in terms of peak capacities a standaphragon of VOCs
performed over 40 °C to 150 °C. The Peltier device is used hsaldwater and a
cooler, with a switch over between cooling and heating achieied polarity

reversal in the d.c. supply. The control software esdgntismics a standard GC
bringing the temperature of the device to an initial valie°C), holding it there,
and then ramping the temperature at a given rate (10 °G)raitil the final

temperature is reached (100 °C) before cooling back down t&C30rhis is
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achieved through Proportional Integral Derivative control. Figudeshows the
result of the one temperature cycle test. The program produtesirad set point
temperature profile (blue graph) and adjusts the power supili¢kde Peltier
device to bring the temperature of the device (red graptmigosalue. The Peltier

device is fitted with a heat sink and fan as it requa@oling.

100 /

/ —— Setpoint Temp (°C)
. — Device Temp (°C)
) /

. B /

0 100 200 300 400 500 600 700 200
Time (s)

Temperature (°C)
3

Figure 5-4. One temperature cycle of the Peltier dece.

To test the performance of the Peltier device for continuogpsesgial runs, five

such temperature cycles were set to run and the reswdtimgetature profiles are
shown in Figure 5-5. It was noted that the set point and descperatures were
almost identical for the majority of each ramp and thaetisas no thermal wind-
up in the system — that is the starting 10 °C could be aathieeproducibly each
time.
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Features of note are the slight overshoot at the initial iaatittmperatures, and
the slight wobble through room temperature region as the voltagetipslanie
reversed. These can be optimised for a set of conditianggver in significantly
different ambient conditions the Proportional Integral Derieagains may need
to be re-tuned if these differences to the set point betcomkarge. As it is, the
discrepancies are never more than about 1 °C (except tiaé¢ awershoot, which

is often around 2 °C).

A
- S i o it
ANV VeS|

g VASSRRRARESRA | RASE 5 ASsas I (B8R

0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Temperature(°C)

Figure 5-5. Five cycles of the Peltier device usédr GC chip temperature control.

The total power used in this set up is about 40W, which reiatalsout 24 kJ per
cycle of 10 minutes. This is a considerably lower power consumpdimpared to
a laboratory gas chromatography oven which uses on average 1 kW\BM®ve

minutes — that is, 1.8 MJ per cycle.

The set-up for the Peltier device together with the fans leeat sink are

tentatively housed in a plastic container made in-house asishdvigure 5-6.
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Figure 5-6. White container housing Peltier devicand components

5.2.2 Summary of using Peltier device as a temperature otrol

The use of a Peltier device to control the temperature wingaturised GC
column removes the dependence on the bulky and power hungry GC oven. We
achieve precise control of the temperature set points and msadita Peltier
based system through Proportional Integral Derivative contrdtelier device

with switchable polarities allows the initial temperatwf the column to be as

low as 10 °C, offering substantial advantages of the analy$i#©®Gs without the

need for cryogenic cooling in standard GC ovens.

5.3 Separation performance of a laboratory GC-PID

A key barrier to portable GC systems has been a laclsoitable detector for the
field. The most simple lab detector is FID, but that iemgation specific and
requires a hydrogen supply. Here we have focussed attention orcadoy-200
USD), commercially available photoionisation detector (PI{BID-AH,
Alphasense) as the detection method for VOCs measuremtwifig GC. A
picture of the PID is shown in Figure 5-7. The PID used heréeisigned
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primarily for a solvent alarm, not a GC detector, so we harndertaken
experiments to understand its capabilities if modified for thispose. The
ultraviolet (UV) lamp of the PID provided 10.6 eV for compotmwisation and
the device was used as supplied, with the exception of tieidge removal of a

filter inlet placed over the detection grids.

Figure 5-7. PID-AH purchased from Alphasense, placknext to a 20 pence for size

comparison.

The UV lamp in the PID emits high energy protons onto a saof@enbient air
drawn into the sensor chamber as shown in Figuré’8-OC compounds will
be ionised into free electrons and positively charged ionseifptioton energy
from the UV light is greater than their ionisation potentiBhis produces an
electric current which is a function of the concentration of ehi¥OCs; the
greater the concentration of VOCs in the air samplegthater the current that

will be generated and detected by the PID.
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FPositive (blas) electrode

Detector Inlat

\ - U Lamp
& &8 o %
Wapor enters the PID m\_—g‘"} (P %
% Qﬂ- Amplifier
Cg Megative (collector) electrode: the lon current |s collactad,
& amplified and converted to ppm readings on the digital display.

/

apor exits the PID debactor
essentially unchanged.

Figure 5-8. PID diagram.

High purity helium (BIP Air Products, Keumiee, Belgium) waedias the carrier
gas for GC. Separation was performed on a BPX5 column (6@.32 mm x 1.0
um, length x internal diameter x film thickness) with tvplitsoutlets, one going
to a time-of-flight/mass spectrometer (TOF/MS) and theragbéng directly into
the PID. This allowed for the comparison of the detector tesiiithe PID with
the TOF/MS. The oven was programmed to run at 40 °C fon8tes, then ramp
at 15 °C mint to 125 °C, then at 20 °C mirto 250 °C and held for 5 minutes.
Figure 5-9 shows how a capillary column is connected to tBe &id Figure
5-10 shows the actual and schematic set-up of the PID toGhe G

Figure 5-9. Capillary column connected to a PID.
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Thermal
desorption
(TD) unit Gas chromatography (GC)

Photoionisation
detector (PID)

— L =

Cold trap

Time-of-flight mass
spectrometer
(TOF/MS)

Figure 5-10. GC-PID set-up.

A standard mixture including 4 nmol/mol (molar ppb) of benzeng,42,
trimethylpentane, heptane, toluene, octane, ethylbenzene, nexyexylene, o-
xylene, 1,3,5-trimethylbenzene, 1,2,4-trimethylbenzene and ,3-1,2
trimethylbenzene was introduced into a thermal desorption uvidrkes
Unity Series 2 Thermal Desorption Unit) prior to separatiorinenGC column.
1000 mL of gas was sampled at 100 mL tifhe trap was purged for 1 minute
at 100 mL min' and heated from -30 °C to 300 °C at the maximum heatiagpfat
the system and held for 3 minutes.
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5.3.1 Data capture with 12-bit ADC LabJack

A commercially available hardware (LabJack U3-HV) wasd as the analogue-
to-digital converter (ADC). This ADC has a resolution of 12 Bhe results for
detection with TOF/MS and PID are shown in Figure 5-11 andré&idp-12
respectively. The results obtained with the PID shows gooaratmn between
the components with symmetrical peak shape comparable toltahed with
TOF/MS. The high PID response of the compounds gave a good wignaise
ratio. This PID chromatogram was generated with approximétély- 10 ng of
each compound. Peak skew is less than 1.8 for all peaks Halit of them less
than 1.2) which we considered acceptable. The chromatogranatesliaround
67000 theoretical plates as measured for toluene. It is worithgrtbiat this PID

result was achieved without any direct heating of the RIEfit

10 6 1,3,5-trimethyl-
benzene
m+p-xylene
5<
o-xylene 1,2,4-trimethyl-
4 Ethylbenzen benzene
I ’
Toluene | 1.2,3-
31 ‘ ‘ | trimethyl-
f | ‘ benzene
9] I |
Benzene ‘ Oct | ‘ |
| ctane
1. [ Isooctane ‘ [ \ ‘ ‘
\ || Heptane . “ Il . ‘
JwLJ :\‘_J‘L JU‘L_/\;/\\—,\-AI /

320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 630
Counts vs. Acquisition Time (sec)

Figure 5-11. Separation of the 4 ppb standard gasiriure and detection by
TOF/MS.
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benzene
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1.2.3-trimethyl-

benzene

Figure 5-12. Separation of the 4 ppb standard gasiriure and detection by PID.

A second gas mixture containing approximately 26 ppb of isoprene apgb77
toluene was introduced separately. Parameters of the setrapdentical to those
used previously, but in this case only 100 mL of gas was sanapl100 mL min.

The results for detection with TOF/MS and PID are shownigure 5-13 and
Figure 5-14 respectively. The results obtained with the $HBws symmetrical
peak shape comparable to that obtained with TOF/MS. Tdie falative PID
response of the compounds resulted in a good signal to noiseililevel. The
PID chromatogram was generated with approximately 3.69 ngopfeise and
14.78 ng of toluene at detector. Peak skew is around lb@florcompounds, with

68000 theoretical plates as measured for toluene.

154



Chapter 5 Separation performance of a laboratory GC-PID
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Figure 5-13. Separation of the isoprene and toluergas mixture and detection by
TOF/MS.
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Figure 5-14. Separation of the isoprene and toluergas mixture and detection by
PID.
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From the data obtained using the PID, digital noise could benauseat the
baseline of the chromatograms (see Figure 5-14). The cameatdague-to-digital
converter (A/D) has a resolution of 12 bit. To improve the reisoluif the data

capture, future systems will use an A/D with a higheoltgn of 18 bit.

5.3.2 Data capture with 18-bit ADC LabJack

Using a higher resolution data capture hardware, the digdse observed
previously at the baseline of the PID chromatograms had éleaimated. 1000
ml of the 4 nmol/mol standard gas mixture was sampleaeasdme conditions as
described previously. The results for detection with TOF&N8 PID are shown

in Figure 5-15 and Figure 5-16 respectively.

I U I I I

1 2 3 4 5 7 8 9 10 11
Counts vs. Acquisition Time (min)

X106 X105 Cis-2- trans-2-
) butene pentene oyl _
35 8 i Isoprene m+p-xylene 1,3,5-trimethyl-
I Vi _ -Xy|
. gatnsZ Pent-1-ene | o-xylene benzene
3 utene Ethylbenzene .
4 2-methyl- 1,2,4-trimethyl
butan« ! benzene
251 , Joooall \ o [ Pentane Toluene
24 of—— T 1,2.3-
1 1516 17 18 19 2 2122 23 24 25 26 27 28 29 3 3132 33 34 35 trimethyl-
9 2,2,4-trimethyl-| Octane benzene
1 (_A_\ Benzene— | pentane
1 | 2-methyl-
05 J«Lﬂ pentane /Hexane -/ J Heptane
| | J .
oL el (A
T T | I
6

Figure 5-15. Separation of the 4 ppb standard gasiriure and detection by
TOF/MS.

156



Chapter 5 Separation performance of a laboratory GC-PID

03 1 trans-2-  cis-2- trans-2- m+p-xylene

0.1 4 butene  butene pentene
Pent-1-ene ’ ——Isoprene

0.25 | |008 7

2-methyl-
butane

Pentane

0.06 -

004 - 1,3,5-trimethyl-ben zene

o
]

0.02 o-xylene

01:30 02:30 03:30 Fthylbenzene
Toluene

1,2 4-trimethyl-ben zene

i Benzene 1.2.3-trimethyl-benzene

PID signal / volts
o
=
(%]

2,2, 4-trimethyl-
pentane

o
S

Octane

2-methyl-
pentane  Hexane

0.05

‘ L

T T - T T T T T
01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00

Time / minutes

Figure 5-16. Separation of the 4 ppb standard gasiriure and detection by PID
with 18-bit ADC.

Compounds with retention times before that of benzene aveatdd to their
respective peaks based on information obtained from their spassra and their
boiling points. It was observed from the enlarged chromatograntiseoéarly

eluting peaks that the resolution of the peaks from the Rii®@ womparable to, if
not better than, that of the TOF/MS. This is because tige vy not be as
proficient in detection of compounds with smaller massessnialer compounds
are fragmented to even smaller masses which “disappaarthe background of

the chromatograms.

With the elimination of the digital noise at the basebh¢he PID chromatograms,
the limit of detection (LOD) of the PID detection method cdhlkeh be evaluated.
200 mL of the 4 nmol mdl standard gas mixture was sampled at the same
conditions as described previously. The result for detectitm RID is shown in
Figure 5-17.
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Figure 5-17. Separation of the 4 ppb standard gasiwiure and detection by PID.

The signal to noise ratio for hexane in the sampling of 20@fithe 4 nmol mot

standard mixture is about 3:1. Hence the LOD of hexane ford#seribed
method of detection is about 1.4 ng. The LOD for the other condgowere
calculated based on extrapolation from the LOD of hexane land/dlues are

tabulated as shown in Table 5.1.
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Table 5.1. LOD of compounds with PID as detection gthod.

Compounds LOD (ng) LOD (ng sh) LOD (ppb)
2-methylpentane 1.2 0.24 0.34
Hexane 1.4 0.24 0.40
Benzene 0.29 0.19 0.088
2,2,4-trimethylpentane 0.55 0.24 0.12
Heptane 0.97 0.33 0.23
Toluene 0.32 0.38 0.085
Octane 0.87 0.38 0.18
Ethylbenzene 0.40 0.35 0.090
m+p-xylene 0.41 0.51 0.046
o-xylene 0.38 0.35 0.086
1,3,5-trimethylbenzene 0.34 0.33 0.069
1,2,4-trimethylbenzene 0.47 0.33 0.094
1,2,3-trimethylbenzene 0.67 0.33 0.13

Table 5.1 also includes the LOD (nd) vased on a sampling amount of 200 ml.
In this calculation, the absolute amounts (ng) of the compoumdplesé were
divided by their peak widths (seconds). The LOD in concentrgpph) of the
listed compounds were also calculated assuming a samplihditoé of air for
analysis.
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5.3.3 Summary of using PID as the detector method

PID was chosen as the detector in this work as it ofigsstantial potential for
the development of a field portable air quality sensor. Wpained with a
commercial GC system, the peaks produced by the PID were rainteo#o those
produced by the TOF/MS, with acceptable peak skews and tloabrptates
of >65000 for toluene. Peak tailing was observed to be minifhése
experiments highlighted the need for relatively high resolutiata capture in
order to fully exploit the inherent sensitivity of the PID.thiVihe 18-bit data
capture hardware, the digital noise observed previously at sediraof the PID
chromatograms had been eliminated. The LOD for the PICxti@temethod was
evaluated to be about 0.3 — 1.4 ng for the various compounds prestm i

standard mixture.
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6.1 Preliminary LOC design

The simple design for a GC — LOC column arrangementse@sn in Figure 6-1.
The device is etched in a planar form which facilitategihgaf the GC-LOC
with a Peltier thermoelectric devidé!, rather than the much higher power of a
standard turbulent fan oven. A secondary advantage of a Reltitzolled device
is an ability to operate below ambient temperatures, songettut achievable in a
fan oven without cryogenic cooling. The chip design is formatbethe same
shape as existing Peltier devices commonly available atdstv The design here
uses two wafers, with etched channels on one side, bonded totgetieem a
single chip. A number of different materials can be potentiafigd including
glass, acrylic and PDMS. Prototyping using PDMS provides a canck cost-
efficient way of testing the feasibility of the GC-LOCsd and is the initial
route taken. It is proposed that the 45 x 45 mm chip will lzewetch depth of a
150 um semi-circle on one side; etches will be spaced 100 urhajmhthe

capillary will have a total length of about 4 — 6 m.

45 mm

L 3mm

=] -

J 3mm

3 mm 3mm

Figure 6-1. Preliminary design of GC — LOC on squag-shaped chip.
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6.1.1 First set of PDMS LOC

Some etched columns on PDMS (Scientific Device, USA) weagle by soft
lithography fabrication and bonded to a piece of glass. The ¢basation of the
GC-LOC has been carried out; National Physical LaboratoBL[Nooked at the
chip under a microscope (x5 and x20 magnification). These LO@s d@dumn
widths of about 20 um. There were some minor fabrication getbat were
small and sporadic visible at x20 magnification (see Figu#g. The capillary
length was estimated to be about 6.1 m.

Figure 6-2. (a) Side view of PDMS chip. (b) Top wvie of PDMS chip.

Figure 6-3. 5x magnification of PDMS chip.
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Figure 6-4. (a) 20x magnification showing good coiséency in the channels. (b) 20x
magnification showing minor fabrication defects.

It was necessary to first test if the PDMS was ggist.tiFor that to take place, a
metal needle had to be fixed to the PDMS inlet to allowitt@duction of gas
into the columns. With PDMS as the attachment materiaigt difficult to affix a
connection needle; thermal bonding and epoxy did not work. It was hymstiesi
that the PDMS surface had to be activated before anytlindand with it. For
the local activation of PDMS, oxygen plasma treatment ocalifeed oxidation
method would be required. In an attempt to locally oxidisedpthiet of contact
with the connection needle, solution oxidation witftOHHO. and HCI in 5:1:1
proportion 176 was carried out. However, this method was not successful fo
bonding. It was decided that the next batch of PDMS chipeareifactured with
needles already affixed at the inlet and outlet to elimittzteneed to carry out

post-activation of the PDMS after the manufacture.

A second set of etched PDMS chips were made. These LExblumn widths
of about 200 um, and came with metal needles fixed to theaintebutlet of the

column channels.
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Figure 6-5. PDMS chip with needles fixed to the iet and outlet of channels.

The needles attached to the PDMS chip were too short tiw ainy
interconnections using column connectors or tube fittings. Itpr@sosed that an
extension of the needles was required to allow for fittingset@attached to the
inlet. Due to the fragile nature of the attachment ofnisedle to the PDMS, it was
decided that a more flexible PEEK tubing be attached toekédle to extend the
working length of the inlet.

Figure 6-6. PDMS chip with PEEK tubing extensions t&the inlet and outlet.
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A leak test was carried out by introducing helium to the PDdh$ via a
Swagelok connection at the PEEK tubing. However, due to thditiragfi the
needle attachment to the PDMS layer, the needle was eagilaaid from the
PDMS. Leakage of helium gas was also detected at thefaoe between the
PDMS and the glass layer, and especially at the weakspwoinére the needle

inlet and outlet were placed.
6.2 Copper enclosure to contain GC column

A copper enclosure was made by the mechanical laboratory i€hbenistry
department as an alternative to the PDMS GC LOC. Tdtenml of the enclosure
was chosen to be copper as it has very good thermal contydtivis allowing
efficient heat transfer between the enclosure and theePelévice. A DB-5
column (6 m x 0.18 mm x 0.18 um, length x internal diametiim thickness)
was wound and fitted into the enclosure, which was then pliacedntact with

the Peltier device.

Figure 6-7. (&) Copper enclosure with column. (b) @per enclosure, containing

column, covered with lid.
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(@)

Fans

Heat sink

Peltier device

Cu enclosure
(with column)

Styrofoam
heat pad

"

Figure 6-8. (a) Arrangement of the Peltier stack.lf) Peltier stack in a 3D printed
block.
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6.3 Injection of gaseous sample into GC column

There is a need to find a way to inject samples to ec@umn. One way is to
use two position valves with a sampling loop, together with @ecayas flow, to

introduce samples to the column. Figure 6-9 shows the concehtdonethod of

injectiont?”.

Position A Position B

SAMPLE \AMDLE
‘IEN1 WASTE VENT/WASTE
SAMPLE 'Ly
LOGP
COLUMN = _/K? COLUMN ~—
CARRIER! CAHPIER
MOBILE PHASE MCEILE PHASE

Figure 6-9. Sample injection for a two-position vale.

Figure 6-10. Set up of Peltier stack with a two-pdison valve.
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Another method to introduce gas samples is to have a Swagtiog fogether
with an airtight septum for needle injection of gas samgle this case, gaseous
samples were picked up at the headspace of a PTFE septeoh-sesew-thread
vial with a gas-tight syringe, and then injected into septum-sealed Swagelok

fitting carrying the air flow into the GC column (as showrFigure 6-11).

@ _ (b)

Swagelok fitting
with septum

Carrier gas

PID at column outlet

Figure 6-11. (a) Headspace of standards were drawp by a syringe. (b) Schematic
set-up for headspace injection of standards into G€olumn.

6.4 Detection of gaseous samples with PID

200 pL of neat isoprene (Acros Organics, 98%) and 400 pL df tokene
(Sigma-Aldrich >= 99.3 %) were pipetted into a screw-ttirgel and capped
with a septa-sealed cap. 4 uL of the gaseous sample wekedpup at the
headspace and injected into the Swagelok fitting carryimggah gas flow. The
Peltier temperature control was set to 20°C initially, eamdped up at a rate of 10
°C min! to 80 °C and held for 100 seconds. The outlet nitrogen flow wasat 2
min. The PID used is a low-cost (~200 USD), commercially atél PID (PID-
AH, Alphasense). The ultraviolet lamp of the PID providéd.6 eV for
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compound ionisation and the device was used as supplied,heigxteption of

the deliberate removal of a filter inlet placed over theden grids.

From Figure 6-12, it was observed that the isoprene and tolueks pesre
observed under a minute. It was observed that the isoprengvpsakore distinct
than that of toluene although the ionisation potential of isopaeetoluene are
comparable (isoprene: 8.85 eV I.P.; toluene: 8.82 eV I1Rnas inferred that the
lower peak of toluene observed was due to the lower vapowsupeesf toluene
compared to isoprene (vapour pressure of toluene at 20°C = P@sé2Bapour

pressure of isoprene at 20°C = 8.82 psi).

PID signal

0.35 ~ Isoprene
0.3 -

0.25
0.2 -

0.15 -+

0.1

PID signal (volts)

Toluene
0.05 -

O - Ay ;

0050000 00:10 00:20 00:30 00:40 00:50 01:00 01:10 01:20 01:30 01:40

Time (mm:ss)

Figure 6-12. PID chromatograph of isoprene and tolene mixture from GC

separation with Peltier device. Carrier gas: M.

To further test the efficiency of the separation of compounds@iGC followed
by their detection on the PID, another compound was added to ikteran
Ethylbenzene (Fluka, analytical standard) was the third compound ch®#dms
a reasonable ionisation potential of 8.77 eV. However, as fsuwapressure

(0.193 psi at 20 °C) is lower than both isoprene and tolueneuB06f neat
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ethylbenzene was added to the vial containing 200 pL of isoprehdQ® uL of

toluene.

Figure 6-13 shows the PID chromatograph obtained under the damge f
injection and Peltier device conditions. The peak for ethylbenzeas not well-

resolved and was observed to be spread across an elutiorf aiby@ud 1 minute.

PID signal

0.1

Isoprene
0.08 -

0.06 -

0.04 -

Toluene Ethylbenzene?

PID signal (volts)

0.02 -~

0 M
0000 00:30 01:00

-0.02 -

01:30 02:00 02:30

Time (mm:ss)

Figure 6-13. PID chromatograph of mixture containirg isoprene, toluene and

ethylbenzene from GC separation with Peltier devic€arrier gas: N..

Due to the nature of the set-up, the flow through the column isatepkeat a
constant head pressure instead of a constant flow rate. Turarcbkead pressure
is adjusted at room temperature to give an outlet flowatiemL min' and this
pressure remains constant throughout the analysis. The visobaitarrier gas is
dependent on temperature; as temperature increases, thetyis¢dbsie carrier
gas will increase. In other words, the linear velocityhef ¢arrier gas is subjected
to changes when the temperature changes (according to ther Rigvice

temperature control). Hence, when using the Peltier dewvceamp up the
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temperature of the column, the viscosity of the cargas increases and the

average linear velocity decreases.

The average linear velocity of the carrier gas has gadmon the efficiency of

the chromatographic set-up. This effect is illustrated withraDeemter curve as

shown in Figure 6-1478,

H.E.T.P(mm)

o
[41]

00

—
o

L =
HETP E2 wemeeee N(ur-pz 12)

=z

C-17 at160°C (k=5)
30m,0.25mmID,
0.25um Rix®-1

He(ul',=20) H, (u 40)

opt -

20 3 40 50 60 70 80 90
Average Linear Velocity (cm/sec.)

Figure 6-14. Van Deemter plot for nitrogen, heliumand hydrogen.

The van Deemter curve plots efficiencies for a range afageelinear velocities.

The minimum points of the curves indicate the averagerlwveacities that result

in the maximum efficiencies for the different carrier gasks seen from the

curves, nitrogen has an optimum average linear velocdy gives the best

efficiency; however, this optimum average linear velocitycomparably much

lower than the other two gases. The curve for nitrogelsdsrauch steeper, and a

slight change in the velocity will result in a large deceeas efficiency. The

sensitivity of nitrogen to the changes in average linekocitg makes it a less

ideal carrier gas of choice. With the column dimensions arldtdldw rate of 2

mL mint used in the set-up, it was calculated that the aeelingar velocity of
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nitrogen was about 86 cm seavhich corresponds to a chromatographic set-up of
very low efficiency. However, if the carrier gas wédmsged to helium which has

a much flatter van Deemter curve, it was calculated thataverage linear
velocity would be about 84 cm skc which should correspond to a
chromatographic set-up of higher efficiency.

100 pL of neat isoprene, 400 pL of neat toluene and 800 pL of nediezthghe
were pipetted into a screw-thread vial and capped witlpa-sealed cap. 10 pL
of the gaseous sample were picked up at the headspace anddinjgo the
Swagelok fitting carrying helium gas flow. The Peltiempeerature control was
set to 20 °C initially, and ramped up at a rate of 20ni€* to 80 °C and held for
50 seconds. The outlet helium flow was at 2 mL-iifigure 6-15 shows the PID
chromatograph obtained.

0.12 1 PID signal

0.1 - Isoprene
0.08 -
0.06 -

0.04 -
Toluene Ethylbenzene

PID signal (volts)

0.02 -

0 igmq | T
00 00:30 01:00 01:30

-0.02 - Time (Mmm:ss)

Figure 6-15. PID chromatograph of mixture containirg isoprene, toluene and

ethylbenzene from GC separation with Peltier deviceCarrier gas: He.

It was thought that the lower recovery and less resolved pefatduene and

ethylbenzene were probably due to losses in the cold transferdiaging to the
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GC column. To minimise losses of the heavier weighted compduead$oluene

and ethylbenzene) due to condensation and deposition on the rtiarese the

lines from the injection point to the inlet of the columnrevevound with

nichrome wire (Pelican Wire Company, 1.700Q) and heated by running a

current of about 1.0 A through it. The lines with the nichrome wieee then

wrapped with insulation.

50 pL of neat isoprene, 200 pL of neat toluene and 400 pL of nedberihghe

were pipetted into a screw-thread vial and capped witlpa-sealed cap. 10 pL

of the gaseous sample were picked up at the headspace astddinjgo the

Swagelok fitting carrying helium gas flow. The Peltiemgerature control was

set to 20 °C initially, and ramped up at a rate of 20nig€* to 80 °C and held for

50 seconds. The outlet helium flow was at 2 mL-ifigure 6-16 shows the PID

chromatograph obtained.

0.2 -

0.15 A

PID signal (volts)
o
[R=Y

0.05

00100

-0.05 -

PID signal

Ethylbenzene

Isoprene
Toluene

00:30 01:00 01:30 02:00 02:30

Time (mm:ss)

Figure 6-16. PID chromatograph of mixture containirg isoprene, toluene and

ethylbenzene from GC separation with Peltier devicand heated transfer lines.

Carrier gas: He.
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The heated transfer lines allowed for more of the heawééghted compounds to
be brought into and through the column by reducing their condensation and
deposition on the transfer lines. Although there was an incnedke abundance
of toluene and isoprene, an overlap in the peaks of isoprenelaadd was also

observed.

Another compound, o-xylene, was added to the mixture. 10 ptheofjaseous
sample were picked up at the headspace of the vial contélingL of neat
isoprene, 200 pL of neat toluene, 400 pL of neat ethylbenzene, andL460
neat o-xylene, and injected into the Swagelok fitting ysagr helium gas flow.

Figure 6-17 shows the PID chromatograph obtained.

PID signal
o-xylene
0.14 -
0.12 -
Ethylbenzen
~—~ 01 T
)
S 008 -
g
5 0.06 -
n Isoprene
g 0.04

0.02

00;00 00:30 01:00 01:30 02:00 02:30 03:00
-0.02 -

Time (mm:ss)

Figure 6-17. PID chromatograph of mixture containirg isoprene, toluene,
ethylbenzene and o-xylene from GC separation withéltier device and heated

transfer lines. Carrier gas: He.
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To demonstrate the importance of having a Peltier temperatuntrol, a series of
isothermal runs were carried out. Similar to the experimantedaout previously,
10 pL of the gaseous sample were picked up at the headepabe vial
containing 50 pL of neat isoprene, 200 pL of neat toluene, 40@fpheat
ethylbenzene, and 400 pL of neat o-xylene, and injected intonthge®ok fitting
carrying helium gas flow. The isothermal experiments warded out at 10 °C,
20 °C, 30 °C, 40 °C, 50 °C, 60 °C, 70 °C and 80 °C. Figut8 shows the PID

chromatographs obtained for the isothermal experiments.
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Figure 6-18. PID chromatograph of mixture containirg isoprene, toluene,

ethylbenzene and o-xylene from GC separation withéltier device at isothermal

temperatures and heated transfer lines. Carrier gasHe.
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Evident from the isothermal experiments, there was no goodasepabetween
the compounds when temperature was held constant. It was ob#esviedver
the isothermal temperature, the longer it took for all tamounds to be eluted
from the column (i.e. about 4 minutes for temperature held &C, and about 3
minutes for temperature held at 40 °C). At lower isothernmap&ratures of 10 °C
— 40 °C, the four compounds peaks were still vaguely distirecthé isothermal
temperature increased from 50 °C up to 80 °C, the four compoukd peemed
to converge into one broad peak. It was also noted thathigtier isothermal
temperatures, elution occurred earlier than at lowempéeatures. This set of
isothermal experiments highlighted the importance of a gradiempet@ture
control for the better separation of compounds. Holding the texyperat a lower
initial temperature allows for the earlier eluting compoundsetbdtter speciated
from the larger and later eluting compounds. A temperatureingmyp from a
low initial temperature then allows for the elution of theger compounds with
higher boiling points at a faster rate with less peak broadeAisgeen from
Figure 6-17, with a temperature gradient control, the separatf the four

compounds was distinct and completed within about 2 minutes.
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6.5 Future work

The Peltier temperature control and the detection method bylihdéave been
tested to be successful for their intended functions whegratied together with a
short length of wound commercial GC column. With the previougraxents,

there was a proof of concept in the making of the miniattir@éequality sensor
when tested with known gas standards. However, there isass8ubstantial
amount of work left to be done in the development of a fully funciiana

portable air quality sensor, especially in the developmeat®C LOC chip and

in the integration of the different components that make up tisose

6.5.1 GC LOC

The making of a functional GC LOC chip has been one of thgebt challenges
faced in the making of the sensor. The manufacture of thdSPEhip has met
with various issues, such as the fixing of a needle aintbe and outlet of the
chip, and the gas tightness of the PDMS-glass interfatethé previous
experiments, a copper enclosure containing a short length of woundecoiam
GC column was used in place of the initial intended PDMI due to these
problems faced. Proper inlet and outlet fixtures, as welthasgas tightness
between the PDMS-glass interface and at the connectionspoiduld be
necessary for further tests to be carried out on the PBKS.OC. It was to be
tested if the PDMS material on its own could be a statyomduase for the
separation of gaseous compounds in a mixture, and whether it oessag to
coat it with a film of stationary phase. The optimal widtll &ength of the PDMS
channels and the flow rate could also be explored after thessiatmanufacture

of a functional chip.
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6.5.2 Adsorption-desorption step prior to separation

In the laboratory, gaseous samples are first introducethrmal desorption unit
prior to separation on a GC column. The gaseous samplesmapées onto a trap
packed with sorbent which essentially selectively adsorbs ratains the
compounds of interests. The adsorbed compounds are then extractedimy hea
the trap, and transferred to the GC in the flow ofieamas. This adsorption-
thermal desorption step is essentially a combination of prigtmah procedures
such as sample preparation, selective concentration, amadtexirof compounds.
For the analysis of real samples which may contain onlgetrievels of
compounds, this step is especially important for the preparatidrtoncentration

of the gas samples before they are introduced into the Gé€hsyst

A miniaturised format of the thermal desorption unit wouldréguired for the
development of a portable air quality sensor. It was thought themgih of
porous layer open tubular (PLOT) column could be used as the adsoribert
separation by the GC system. The inner surface of a RIoQifmn is coated with

a layer of porous stationary solid phase particles suchuasirel or molecular
sieves. When gaseous samples pass through the PLOT columatedsele
compounds will be adsorbed onto the porous stationary phase. To eh&act t
adsorbed compounds, heat will be supplied to the PLOT columriow &ir

desorption in the flow of a carrier gas.

A simple concept could be used for the thermal desorption of compfrondshe
PLOT column. It was thought that the PLOT column could beecbatith a
silver-based electricity-conducting ink. To heat up the slemdth of column, a
voltage could be supplied to the PLOT column that has been oetltethe ink.
Heat generated from the conductivity is expected to be high kriougjlow for

the fast desorption of compounds in an acceptably small plwgpdur. Figure
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6-19 shows the schematic of a PLOT column that is coatéd electricity-

conductivity ink.

Capillary column

Porous solic
support

Conducting ink

Figure 6-19. Schematic of a conducting-ink coatedl®T column for adsorption-

thermal desorption.

6.5.3 Integration of parts that make up the sensor

It is crucial for the successful integration of the eli#int components that make
up the sensor device, i.e. the carrier gas supply, introdliojextion of samples,
thermal desorption component, the GC LOC, the Peltier tenyperaontrol
device, and the PID as the detection means. Rigorous testirig ba conducted
on each component itself to ensure its feasibility beforit be coupled with
other parts for further testing. The integration of the diffecemponents is often
challenging — the integrity of the gas samples has to be amant with no
leakage, while at the same time ensuring that the intendectidn of each

component is still being carried out at the right time.

The system has to be properly packaged into a portable unihéogeith the
power supply units and data analysis unit (typically a laptop).h&spoint, we
have the Peltier device together with the heat sink and, fand the copper
enclosure with the GC column packaged together in a “Pstaek” (see Figure
6-8b). This was made with a 3D printer that allowed for théoouisation of the
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exact dimensions required. When the prototype of a functionamsyisas been
made, a customised 3D-printed storage could be made to con¢aitifferent

components of the sensor device.
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Chromatograms and mass spectra for indoor air

analysis
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Figure A-1. Analysis of Home 01: Detection by lab@tory standard TOF/MS
detector (a) from 2.5 — 8 min and (b) 8 — 12.5 miand (c) detection by PID.
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Figure A-2. Analysis of Home 02: Detection by lab@tory standard TOF/MS
detector (a) from 2.5 — 8 min and (b) 8 — 12.5 miand (c) detection by PID.
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Home 03
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Figure A-3. Analysis of Home 03: Detection by lab@tory standard TOF/MS
detector (a) from 2.5 — 8 min and (b) 8 — 12.5 miand (c) detection by PID.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-4. Analysis of Home 04: Detection by lab@tory standard TOF/MS
detector (a) from 2.5 — 8 min and (b) 8 — 12.5 miand (c) detection by PID.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-5. Analysis of Home 05: Detection by lab@tory standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 — 16 miand (c) detection by PID.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-6. Analysis of Home 06: Detection by lab@tory standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 — 16 mand (c) detection by PID.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-7 Analysis of Home 07: Detection by labor@ry standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 — 16 mand (c) detection by PID.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-8. Analysis of Home 08: Detection by lab@tory standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 — 16 mand (c) detection by PID.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-9. Analysis of Home 09: Detection by lab@tory standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 — 12r6in and (c) detection by PID.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-10. Analysis of Home 10: Detection by latratory standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 — 12r6in and (c) detection by PID.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-11. Analysis of Home 11: Detection by lalratory standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 — 12r6in and (c) detection by PID.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-12. Analysis of Home 12: Detection by lalratory standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 — 12r6in and (c) detection by PID.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-13. Analysis of Home 13: Detection by lalratory standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 - 13 mi
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-14. Analysis of Home 14: Detection by lalratory standard TOF/MS

detector (a) from 2.5 — 8.5 min and (b) 8.5 — 13 mi
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-15. Analysis of Home 15: Detection by lalratory standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 — 13 mi
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Appendix A Chromatograms and mass spectra for indoor air analysi
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Figure A-16. Analysis of Home 16: Detection by lalratory standard TOF/MS
detector (a) from 2.5 — 8.5 min and (b) 8.5 — 13 mi
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-17. Analysis of Home 17: Detection by lalratory standard TOF/MS
detector (a) from 2.5 — 8 min and (b) 8 — 14 min.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-18. Analysis of Home 18: Detection by latratory standard TOF/MS
detector (a) from 2.5 — 8 min and (b) 8 — 14 min.
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Appendix A Chromatograms and mass spectra for indoor air analysis
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Figure A-19. Analysis of Home 19: Detection by lalratory standard TOF/MS
detector (a) from 2.5 — 8 min and (b) 8 — 14 min.
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Appendix A Chromatograms and mass spectra for indoor air @alys
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Figure A-20. Mass spectra of benzene (a) from Hon@8 and (b) from NIST MS
library.
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Appendix A Chromatograms and mass spectra for indoor air amalysi
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Figure A-21. Mass spectra of ethylbenzene (a) frotdome 03 and (b) from NIST MS
library.
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Figure A-22. Mass spectra ofn+p-xylenes (a) from Home 03 and (b) from NIST MS
library.
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Appendix B Consent form and Information Sheet for cVMS analgdi®@mes

CONSENT FORM
Indoor Air Sampling of Cyclic Volatile Methyl Siloxanes

Please initial

1. | confirm that | have read and understand the information D
sheet for the above study. | have had the opportunity to
consider the information, ask questions and have had these

answered satisfactorily.

2. | understand that my participation is voluntary and that |

am free to withdraw at any time, without giving any reason.

3. | understand that any information given by me may be used

in future reports, articles or presentations by the reseaach. t

4. 1 understand that my name will not appear in any reports,

articles or presentations.

I T T A

5. | agree to take part in the above study.

Name of Participant Date Signature

Researcher Date Signature
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Appendix B Consent form and Information Sheet for cVMS analgdi®@mes

INFORMATION SHEET
Indoor Air Sampling of Cyclic Volatile Methyl Siloxanes

Cyclic volatile methyl siloxanes (cVMS) are widely usediwariety of consumer
products including fragrances, deodorants, cleaning products and lafitvi§

are ideal for use as a solvent or matrix in these foriuktbecause of their
qualities of being inert, volatile, odourless and colourlessa Assult, they are
now produced commercially in high volumes. cVMS are however palignt
bioaccumulative and persistent, with high octanol-wateiitjgertcoefficient and

with atmospheric oxidation half-lives of typically severayslaThere have been
only limited observations or modelling of cVMS indoors and ligl&nown about

variability, exposure or distribution.

A passive sampling method has been developed and evaluated efor
measurement of cVMS in indoor environments — this method walsrataid
against an established active sampling method with godtddfrdetection values.
Validation with the sampling of real homes would be the net & the analysis
of cVMS.

The aim of this work is to understand the ranges in the coatiens of cVMS
detected in the homes of people in York, and to validatepdissive sampling
method that has been developed.

As a participant, you will be given a bottle containing sampliag filled with
ENV+ sorbents (as seen in Figure B-1). Carefully taketmisampling bag from
the vial and hang the samplers using the attached papean eiphosen location
in your home for a period of about 1-5 days (as discussedy. #esampling
period, place the bag back into the vial and screw the caprenvial will be
returned to the researcher after the sampling. Pleksedare not to touch the

bags at any point.

208

th



Appendix B Consent form and Information Sheet for cVMS analgdi®@mes

A

Figure B-1. Sampling bag in vial.

You will be asked to provide information about the occupancyvantilation in
your homes, as well as the usage of consumer products (i.einglgaoducts,
home fragrances, scented candles, hair sprays, deodorants, ggriover the
period of sampling. Your responses will remain confidential amahymous.
Should you feel uncomfortable to provide the required details youfchange
your mind, you can return the sampler and it will not be andlyBeior to
conducting the sampling, consent has to be obtained from alldigemés in the
house. All residents are required to sign the consent form bsdonpling can
take place.
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Appendix C Block diagram with code for Peltier device temperatcontrol

Appendix C Block diagram with code for Peltier device temperatre control

T:e FOR \Zup :zn:a\tshthe numEbe;" Number of Cycles
of ramps desired by the user. Eac
IThis timed loop iterates 100

iteration is another ramp cycle.
[times a second and controls
Setpoint T is inputted to a PID ey the output power to the
device. Current is shared over 4 "
Peltier, calculated from a

[This case structure controls the value of the Vito control the temperature of | | "
|setpoint temp the device by changing the ports. setpoint and the
duty "{"i‘ ‘g/oh;" ol this = nl™ " temperature of the device.
Wi M a constant -
1 n ™ n [Turn all outputs OFF at the end
False fic= e . HES .
0 -
Trput Variables PID output range hl- N " i
= 0
== - e, -
]l n
o , 100 2 - »
s [Temperature is read from the . ‘(_1\f]r"ft"gﬂla:
= - eltier Test Data
N o TTan e device. Two thermocouples are = Centrols the polarity of the voltage 4 " 2 RamoData.od
amp Stage used to reduce ermor in the supply. pData.
ol initial temperature to the final s PID gains
Li- ltemperature at the given rate. 9
(ma
Output variables

[Initial time is Os,
so must start at
[1/100th below O

Full run data Save the data. Every loop
sppends another ramp to
the same file, This can take
2 long time to complete.

Running data
O utputs variables for display
and to save/graph

{aBelieReNeR=NeRelsNeNeNeNsNeNeNsNeNensNeNeneNeNensNeNensNeNepsNeNen=Nune}

"Automatic control”, Default ~}

e e e« e« e e e e e e e B e e e ol « e « el « == = ==l = R = =1 Bi=l « i = e =l

P} Remp Stace] False -]
Ramp Stage| o
Setpoint t low [exo] [EH—{[Ramp Stage]
[T to start.
Begin ramp Output variablesfps [Sctoc ] Tty 0| R

| wait to stabilise

ARG e Input Variables |t [Final Temperature (C1]

nput Variables|HE | e
Tnitial Wait Ramp on until High T : Time (5)
Time (5) setpoint is achived i ‘->
'

[This structure tells the above
loop what stage of the ramp
it is at, changing the

program control to change
what the Peltier does,
Choice between manual and
automatic control can be.
made between cycles

[T is brought back dewn to 30C
and the ramp i repeated.

Control

Y
¢

! il

[This V1 is used to control the temperature of the 'mini gc' or lab on a chip’ systems using a Peltier device controlled through a cRIO device using the NI 9474 and NIS219 cards ithe former
for fast digital output and the later for temperature sensing). This VI generates a sepoint temperature depending on what the user wants then brings the temperature of the device to the
desired value using a PID control V1. The Temperature is first brought to the initial temperature, then ramped at the desired rate until the final temperature is reached. The temperature is

Cycle Number
2 then held there, before cooling down to initiate the next ramp. The data is zlse graphed on the go (last 10 seconds is displayed), at the end of each ramp (all data from the previous ramp)

and the output variables from each ramp are saved at the end, This saves it to the cRIO itself, and then can be extracted using MAX. Note that the file is overwritten each run, so needs to
END
be extracted before ending another run or the data will be lost.
7|

Figure C-1. Block diagram with code for Peltier deice temperature control.
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